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ABSTRACT 


Kildall has stated a general data flow analysis 
algorithm which has been applied to several forms of 
classical global program optimization. The algorithna’™ 
operates upon the flow graph or a program, where the nodes 
correspond to basic blocks and the edges represent possible 
program control flows. In order to test the effectiveness 
of this algorithm, a general purpose optimizing module was. 
written in XPL which analyzes ALGOL-E programs for constant 
computations, common subexpressions and simplifying formal 
identities. Various node selection algorithms were 
investigated with respect to the convergence rate of the 


algorithn. 
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Pe eee ODUCTION 


A. BACKGROUND 


The increased use of high level language compilers has 
generated an interest in producing efficient machine 
language code from the high level source language. 
Generally, this interest has resuited in techniques for 
transforming the original source program to produce an 
equivalent form which 1S optimized with respect to some 


Griteria. 


Machine independent optimization algorithms can be 
divided into two broad subclasses ~- local and global. 
BaSically, the difference is that global techniques take 
into account the overall flow of the program to be optimized 
while local methods do not. Specificaliy, locai teéchiiigies 
reguire that the program to be optimized be partitioned into 
"basic blocks." These blocks are diviSions of the program 
which have no transfers into or out of the block except for 
a transfer into an initial element and a transfer out of the 
last element. Each block is then optimized independent of 


the other existing blocks. 


A number of techniques have evolved for analyzing global 
progran structure, including recent work by Kildall [30], 
Hecht and Ullman {22}, Allen [4], Kennedy [25], Graham and 
Wegman {20}. These technigues analyze global flow by 
representing the program as a directed graph witn the nodes 
of the graph corresponding to basic blockS with the edges 
Showing possible progran control flows. Tf the ALGOL 
program of Figure 1 is analyzed for redundant calculations, 
local technigues would not detect the obvious redundancy of 


(C + By) in block D because this occurrence of the expression 


10 





resides in a different biock than the previous calculation 
Or (B + C). On the other hand, global flow analysis would 
detect the redundant calculation since (B+ C) has been 


computed on all paths to block D. 


An iterative global flow analysis algorithm was 
developed by Kildall [28] that is capable of analyzing any 
program structure. The algorithm propagates data from block 
to block until the propagated data reaches a terminal state. 
This process may necessitate multiple passes through some 
blocks. Kildall has shown that the algorithm is finite and 
will succeed given any order for processing the basic 
blocks. However, using a Simulation, Lukasczyk [34] has 
Shown that the convergence rate of the algorithm can be 
affected by the order in which the "basic blocks" are 
processed. As one would expect, his simulation further 
indicates that as the number of nodes in a program flow 
graph increases, the method of block selection becomes more 


@ricical. 


An implementation of the global Flow analysis algorithn 
to be presented waS originally done by Kildall [30}. 
Various improvements in the implementation were made, 
including more complete data structures for computing flow 
information. The results of Lukasczyk's simulation was then 


compared to the actual results from the implementation. 


B. DEFINITIONS 
In order to examine the global flow analysis algorithn 


Seaced by Kildail j30j, various basic notions need be 


presented. 
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or Xk > ¥Y THEN 


BEGIN 
-— Bb + C; 
:= X; 
END 
ELSE 
Hs= B + C; 
hes C + B; 





FIGURE | 
AN ALGOL PROGRAM AND ITS FLOWGRAPH 
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A directed graph G 15 a two-tuple (N, E), where N represents 
the set of "nodes" and © is a subset of N x N_ called 


"edges." Given an ordered pair of nodes (ne a in E, an 
edge is said to "leave" node 2 and "enter" node ae 
Further, ag is an "immediate predecessor" of ae and a 1s 


an "immediate successor" of ae 


A program flow graph G 1s a three-tuple (N, &, R), where N 
and E are aS above and R 1S a non-empty subset of N 
containing the entry nodes of G such that there exists a 


path from an entry node to any node in N. 


As stated previously, a program can be partitioned into a 
set of basic blocks. Each basic block is a program segment 
having no transfers entering or exiting except thru the 
initial and final elements. Basic blocks are represented by 
Single nodes in the program flow graph and are hereafter 
referred to as blocks. The edges of the program flow graph 
represent -the possible paths of control flow as directed hy 


the program structure. 


In the following discussion, note that for simplicity 
the various pools of information are always associated with 
the node "n.! Where this rather informal association 
becomes unclear, particular effort will be made to 
distinguish pools with their associated nodes. 


A current optimizing pool (P) is associated with a 
c | 
particular block n and represents the optimizing information 


available at the block, which is iteratively refined during 


the flow analysis. 
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An input pool (P_) is information which is to be used upon 
entry toca given biock n. The optimizing function, defined 


below, uses this pool in its transformation. This 
information is identical to the current optimizing pool of a 
block n, and will be referred to as the input pool to 
increase the clarity of the global flow analysis algorithn 


which is stated below. 


An output pool (P } is optimizing information created by the 
, 


application of the optimizing function to an input pool for 
aD Lock. Upon exiting a block, this set is present and is 


usec in performing the meet operator which is defined below. 


A final optimized pool a is the final optimizing 


A meet operator is a binary operation denoted A , on P x P 


SS ae a age =— SS oe we ee ee 


to P, where P is the set of all possible optimizing pools. 


The operator combines an output pool (P ) for a block n and 
| O 
a current optimized pool (P ') of an immediate Successor 
Cc 


meeck N* to produce an input pool (P.') for n’. 
n 


P'<--P a Pp 
all 2 te Cc 


The following properties must hold for all a, b and c in P: 


ima A a = a (idempotent) 
2) aA b=bA a (communitive) 
3) aA (b A c) = (aA b) A Cc (associative) 
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The meet operation resultS ina partial ordering upon the 


optimization elements: a <€¢ b if and only if a b= b. 


An optimizing function maps an input. pool to an output pool 


and must have the homomorphism property: 
Miia “ye Dye ewe (i, ay “Aw tf£(n, b) 


for all nodes n in N and input pools a and b in P. P is 


assumed to contain an identity element such that 


1A ae2=a for all ain P. 


C. A GLOBAL FLOW ANALYSIS ALGORITHM 


Although a basic familiarization with Kildall'ts flow 
analysis algorithm [28] is assumed, some fundamental notions 


are presented below for completeness. 


The global flow analysis algorithm, algorithm Q, of 
Kildall was developed for use in the compile time 
optimization of object code. Kildall f30] has pointed out 
that many technigues have been developed to optinize 
straight line code while others take into account program 
flow branching. The Algorithm Q was designed to permit 
extensions of Straight line optimization techniques to the 


global case. 


The Algorithm Q is iterative and may be used on any 
program flow graph. As stated previously, the algorithm 
propagates data from block to block until the propagated 
data reaches a final state for a given block. This final 
state is the "meet over all paths," called the MOP solution, 
for a specified block and provides imformation with which 


the block can be optimized. 
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Informally the Algorithm Q can be stated as: 


Select a node from the list of nodes to be processed, 


its current pool will be used as input. 


Apply the optimizing function to the input pool and 
produce an output pool. 


For each immediate successor, apply the meet operation 
on the output pool and the successor's current pool. If the 
result is strictly smaller than the successor's current 
pool, then reset the current pool to this result and add the 


successor to the nodes to be processed list. 


A particular form of the Algorithm 0 which is 


appropriate for machine implementation is stated helovw. 


Q1 {initialize} initialize the investigation 
list L to the entry node 
bn <== {nh} 
and set the current pool 


of n to empty. 


Pecos 0 
iS 
Q2 {terminate ?} if L is empty then halt, 
otherwise 
Q3 {select a node] let n be an element of 


L, and set 
I eS Se = 


Q4 [apply function] apply the optimizing function 


to the P of n producing 
C 
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Output information P for 
O 


the node n. 


Q5 [enter nodes] for each n! which 
is an immediate successor of 
Nie Omg seme = Po 7 Din! 
1 fe) c 
where a and aaa correspond 


wo noagernt.. If P * <p! 
i c 


and P ' # P * then set 
1 c 


p'<-- pt 
Cc a 


and 
ce <—-— Levee in"). 


Q6 [loop } Gouwto O35. 


As an example of the Algorithm Q, consider common 
Subexpression analysis. The pools are partitions Ors 
available expressions which are in the same class if they 
are known to have the same value. For example, the result 


of analyzing the statements 


couid result in the pool 
eee lec, A to B, B+ A, 2+ 3, 3 + 2, 35} 


where "7" as the delimiter for the different equivalence 
classes. The meet operator is defined as a Simple 
intersection operator upon the partition elements, and the 
Optimizing function builds new eguivalence classes’ from 
existing equivalence classes, based upon operations at a 


particular node. 
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Upon termination ope the Algorithm Q, the final 
optimization pool Sey. for each node can be found by 


selecting the step in which’each node was last processed. 
The current pool ue at this step ia be the final 
optimizing pool oe which can be used in a subseguent pass 
through the block to perform the actual program 
transformations. | 
Consider the ALGOL program of Figure 1. The basic 
blocks are A, B, C and D with the entry node A and 


corresponding initial optimizing pool set to empty. Figure 


2 gives the De for the program of Figure 71. Only a single 
pass of each block was reguired since there are no loops in 


the program flow graph. In general, the aigorithm requires 

multiple passes on some blocks t9 produce the final 
optimizing pool. A complete and formal discussion of the 
global flow analysis algorithm by Kildall can be found in 
eo, 29, 30}. 
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NODE E 


null 


C fia, Otc, 
ctb | 
Y; X} 





PIGURE 2 
EXAMPLE OF FINAL POOL CONFIGURATION 
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ce. IMPLEMENTATION OF ALGORITHM QO 


mm wees wee ee ge we se ee =— <> a eee ei ee ee 


A. CONCEPTUAL OVERVIEW 


The original implementation of Algorithm Q was given by 
Kildall [30], and this project is basically an extension of 


Kildall‘s original efforts. 


Implementation of the global flow analysis algorithm 
consists of three separate modules written in XPL [37]. The 
first module, the "Code Synthesis Filter Generator," or 
CSFG, creates tables which are used by the other two 
modules. A set of procedures Known as the "Code Synthesis 
Filter Emitters," CSFE, constitute the second module which 
1s used with the XPL skeletal compiler generator. fThe CSFE 
produces the intermediate language which is to be optimized. 
A particular compiler was implemented uSing the CSFE for a 
language called ALGOL-E, which is described elsewhere [32]. 
The third module implements the global flow analysis 
SeeoOrtthnm itself, and is called the "Code Synthesis Filter," 


on CofF. 


Communication between the CSFE and CSF is through an 
intermediate language which represents a program in Polish 
form. The CSF readS tne intermediate language from the 
compiler and flags OoprImrzZatloums Ini Ormation, | without 
actually performing any program transformations. Figure 3 


outlines the flow of the present three module systen. 


The next two sections contain a description of the CSFG 
and cCSFE as implemented by Kiidall [30]. They are included 
here to ensure the completeness of the later CSF description 


ma tO Simplify the discussion of the CSF module. 
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1. Code Synthesis Filter Generator (CSFG) 


Dour lvemetnewrinection Of the €SFG is to provide a 
method for generating a customized intermediate language. 
The output of CSFG is a set of tables which define an 
intermediate language, along with an XPL case statement used 
for constant propagation. The CSF and CSFE are driven by 
these tables. The intermediate language takes the form of a 
string of Polish operators and operands, augumented with 
controi flow information, which assumes a stack model for 


semantic interpretation. 


The CSFG accepts an intermediate language 
specification determined by the grammar specified in TABLE 


I. There are three parts to the language specification: 


1) <TYPE SPECIFICATION> 
2) <OPCODE SPECIPICATION> 
3) <SINPLIFICATION SPECIFICATION>. 


<TYPE SPECIFICATION> is primarily a list of variable 
types. Those followed by an asterisk denote data elements 
that occupy "regions" upon execution (1.e., an array). The 


following types are predeclared: 


1) DEFAULT 


2)a Oe ~ location variable (1.e., address), 


type cannot be categorized, 


Sa KL ——phegmam entry pogmt or branch 
operation destination point, 


WY) XIT = epEOgianl bEanch point. 
An OILS (exit) is the operand of a branch 


instruction while the ENT (entry) type variable is placed in 


the Polish seguence at the deStination of a branch. 


fa Gs 





<OPCGDE SPECIFICATION> gives the descriptive 
characteristics for each operator allowed in the Polish 
String. The following characteristics are generated for 
each OPCODE:; 


1) operator name 

2) special attributes of the operator 

3) mumber of operands necessary 
to perform the operation 

4) type of each operand 

5) the number of operands resulting 
from an operator 

6) type of the resulting operands 


of an operator. 


Special operators (REFER, PASS and TOGGLE) are predefined 
and reguire a LOC type argument with no resuiting operands. 
These operators are used for special purposes discussed in 


Section II.A.2. 


Special operator attributes aid in the optimization 
process by indicating operators which affect program flow or 
which have Special . effects on the execution 9 stack. 


Specificaily, these attributes are: 


1) LOAD - results in a fetch from memory. 
The operand must pe of type LOC 


(1.e., an address from which to fetch). 


2) STORE - results ina store of the second 
operand into the address specified by the first 
operand. The first operand must be type LOC. 
The stack is cleared of both operands upon 


completion. 
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TABLE I 


GRAMMAR FOR CSF GENERATION DESCRIPTION LANGUAGE 


Sweeter ec> <OPCODE SPEC> 
fe <i ete PEC> <OPCODE SPEC> 
[> <Same SPEC> 


<€sr SPEC> 


<TYPE SPEC> ::= <TYPE HEAD> <TYPE ELENENTD> ; 


Seer neAy> ~s2=  <TYPES> 
Pa reheat AD> <TYPE ELEMENT , 


“WwePES> i2= TYPHS 


Seem ELEMENT?  ss= “SEDENTIFIER>D 
EN tur i 


COPCODETSPEG@> <:= <OPCODE HEAD> <OPCODE RULE> ; 


SOPeovrme HEAD> 3;= <ORCODES> 
ipo OL COU neaD> <OPCODE RULE> 


MOEEODES> —ss= OPCODES 


<OPCODE RULE> ::= <OPCODE FCRMAT> 
| <OPCODE FORMAT> <TYPE> 
{ <OPCODE FORMAT> ¥* 


SQeCUDEOrORMAT> 3:= <OPCODE PARMS> = > 


<OPCODE PARMS> ::= <OPCODE PARM HEAD> 
| <OPCODE PARMS> <TYPED> 
{| <OPCODE PARMS> * 


<OPCODE PARM HEAD> ::= <IDENTIFIER> 
{| <IDENTIFIER> 
1! (<OPCODE TYPED) 
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TABLE I (CON'T) 


<OPCODE TYPE> ::= LOAD 
STORE 
STORET 
DELETE 
DUPLIC 
CONV 
COMM 
EXCH 
COND 
UCOND 
GOSUB 
RETSUB 


ew oem i i@@== @ «me o“~as= @&==: ia  @ «#5 ££«#&= 


Seem 2s= <SmMP HEAD> <SIMP RULED ; 


SSlieeeno> 22> <SLNPLIPFiCaAriONs> 
Polen AD> SiMe RULED, 


<SIMPLIFICATIONS> 22= SIMPLIFICATIONS ~ 


Seen > ws = SoLMPr FORMATS <LDENTIFIER> 
{ <SIMP FORMAT> <STRING> 


SeeeeOnuane 22> <“SIMNP LEFT PART> =_> 


Sweeter ani Pw sg — <SIiMP RULE HEAD> <IDENTIFIER> 
PP eSoliP RULE HEAD> <STRING> 
SST ie in D> > 


ep 


<OPCODE> 

SUR doen EADS <i DENTIFLERD 
<SIMP RULE HEAD> <STRING> 

{ <SIMP RULE HEAD * 


SSeue RULE HEAD> :3 


=—=—_ er 





3) STORET - the same as STORE; however, the 
second operand is retained on the stack for 


fuetUuLe use. 


4) DELETE - removes the top entry from the 


stack (i.e., normally an operand). 
5) DUPLIC - duplicates the top entry on the stack. 
6) CONV - type conversion operators. 


7) COMM - operator 1S communitive in ail 


its operands. 
8) EXCH - exchanges top two entries on the stack. 


9) COND - conditional branch operator. 


rey  UGCOHD - unconditional branch operator. 
Mmieecloe: - branch £0 a procedure. 
12) RETSUB - return branch from a procedure 


to the calling point. 


<SIMPLIFICATION SPECIFICATION> defines acceptable 
transformations which may be performed on the operators. 


Poacn transformation is of the forn 


1) operator 
2) operands 


3) result operands. 
For exampie: 
ADD Os A => A 


indicates that the ADD operator would result in the operand 
A if one operand is zero, where A represents any arbitrary 


expression. 
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TASLE II outlines’ the particular intermediate 
language description used for the ALGOL-E compiler. TABLE 
III provides the complete output from the cCSFG for this 


description. 


2. Code Synthesis Filter Emitters {CSFE) 

The CSFE is a set of XPL procedures that 1S included 
as an integral part of the XPL skeletal compiler for any 
particular compiler generation. The CSFE uses the tables 
produced by the CSFG to generate the intermediate language 
which is compatible with the optimizer, but tailored to the 


specific source language and compiler being developed. 


As discussed above, the intermediate language is a 


Polish seguence consisting of a String of operators, 
operands, and branch point references. A table of 
referenced constants is also included in the Polish 
sequence. Figure & shows the format of the CSF output. 


Individual fields are: 
1) OFFSET({8b) - used for diagnostic reporting. 


2) OPCODE/TYPE(8b) - designates the opcodes if 
the entry iS an operator, or designates 
the type of operand if the entry 1s an 


opetand. 


3) C(1b) ~ 1f set, indicates a reference to the 
constant tables; 1f not, reference is to 


-an address. 


4) ADDR (15b) - address fieid of operands in the 


intermediate language. 





TABLE 


ae 


A SAMPLE CSF GENERATOR SPECIFICATION FOR ALGOL-E 


/* $OUTPUT PRINTED TABLES */ 
/* $PUNCH TABLES */ 


OYPES MINT, REAL, BOOL, IARRAY*, RARRAY*; 


OPCODES 


TRU (CONV) REAL => INT 


RND (CONV) REAL => INT 


FLT (CONV) INT => REAL, 


ADD (COMM) INT INT => INE, 


RADD (COMM) REAL REAL => REAL, 


SUB INT INT => INT, 


RSUB REAL REAL 
MUL (COMM) INT 


=> REAL, 
INT => INT, 


RMUL (COMM) REAL REAL => REAL, 
DIV INT INT => INT, 

RDIV REAL REAL => REAL, 

BxP INT INT => INT, 

RIXP REAL INT => REAL, 
IRXP INT REAL => REAL, 


RRXP REAL REAL => REAL, 
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/* 
Vhs 
/* 


TRUNCATE TAKES */ 
REAL TO INTEGER */ 
RND IS THE */ 

ROUND OPERATOR */ 
FLT IS THE */ 

FLOAT FUNCTION */ 
INTEGER ADDITION */ 
(COMMUTATIVE) */ 
ae Abr LON / 
INTEGER */ 
SUBTRACTION */ 

REAL SUBTRACTION */ 
INTEGER */ 
MULTIPLICATION */ 
REAL SUBTRACTION */ 
INTEGER DIVISION ¥*/ 
REAL DIVISION */ 
INTEGER */ 
EXPONENTIATION */ 
REAL TO INTEGER 


8, 


sna 


EXPONENT */ 


INTEGER TO REAL 

EXPONENT */ | 

REAL TO REAL */ 
EXPONENT */ 


7 





LSS 
LEQ 


EQL 
NEQ 


GEQ 


GTR 


mABLE. LL 


BOOL, 
BOOL, 


(COMM) 
*x* *« => 


* * => BOOL, 
BOOL, 
* * => BOOL, 


* * => BOCL, 


INEG INT => INT, 


RNEG REAL 


NOT 


AND 


BOR 


LOD 


510 


oTD 


DEL 


DUP 


XCH 


ih 
BRS 


BoC 


NOP 


= RaAL, 
BOOL => BOOL, 
(COMM) BOOL BOOL => 
(COMM) BOOL BOOL => 
(LOAD) LOC 
(STORET) LOC * 


bd 


BOOL, 
BOOL, 
=> * 


, 
=> x, 
LORE LOC * => , 
(DELETE) * =>, 
(DUPLIC) => *, 


chy => ; 


=> ; 


(COND) xXiT => , 


(COND) BOOL XIT =>, 


ee, 


(CON'T) 


/ * 
/* 
/* 
/* 
/* 
his 
/* 
/* 
{¥ 
J* 
f* 
/* 
/ * 
/* 
J* 
fis 
/* 
{* 
Ths 
vo 
/* 
/* 
J* 
/* 
/* 


LESS THAN TEST */ 
LESS THAN OR */ 
EQUAL TEST */ 

EQUAL TO TEST */ 

NOT EQUAL TO TEST */ 
GREATER THAN OR */ 
EQUAL TO */ 

GREATER THAN TEST */ 
INTEGER NEGATION */ 
REAL NEGATION */ 
BOOLEAN NOT */ 
BOOLEAN AND */ 
BOOLEAN OR */ 

LOAD FROM ADDR2&SS */ 
STORE AND RETAIN */ 
VALUE */ 

STORE AND REMOVE */ 
VALUE */ 

DELETE TOP */ 
ELEMENT */ 

DUPLICATE */ 

ELEMENT */ 

EXCHANGE LAST */ 
ELEMENTS */ 

PROGRAM HALT */ 
UNCONDITIONAL */ 
BRANCH */ 
CONDITIONAL 
BRANCH */ 
NO OPERATION */ 
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se OSL 


PRO (GOSUB) XII => , 


RTN (RETSUB) => , 


INT => LOC, 
LOC => , 


WRVX* => , 
DMP => , 
TAB INT => , 

SUP * => ; 
SIMPLIFICATIONS 
ADD "OQ" & => A, 
meDD '"Q* => A, 
mL 0! = Ot , 
peoud, "ON" A => NOM, 
mes “t' A =>-A, 
RMUL "1" A => A, 
SUB A A => "QO", 
mouB A A => “O", 
DIV "0" A => "QO" 
mu ‘Ott => "OQ" 
Bae A "ON" => WyEt 
fa P A NON => YN 
mexP A 'O" => "4 
freA P A "OM => YN 
Pare A“1" => A , 
RIXP A "1" => A, 
mexP A 1" => A, 
RRXP A "1" => A, 
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(CON'T) 


/* 
/* 
/* 
/* 
/* 
/* 
/* 
/* 
/* 
/* 
/* 
/* 


V Aas 


/* 


/* 


/ * 


PROCEDURE 
TRANSFER */ 
RETURN FROM */ 
PROCEDURE */ 

GET STORAGE */ 
RETURN STORAGE */ 
REAL READ */ 
INTEGER READ */ 
BOOLEAN READ */ 
WRITE VARIABLE */ 
DUMP BUFFER */ 
TABULATE */ 


“A 


OtA=hA+0=4 */ 


O*A=A*0=0 ra 
1¥R=A¥1=A &/ 
A-A= */ 

O/A = 0 */ 
O/A = 0 */ 

Ax *Q = 1 * / 

A ¥** J = A * / 
A ** J = A * / 





TABLE III 


CSFG OUTPUT FOR ALGOL-E 


DECLARE(NULL, DEFAULT, LOC, ENT, XIT, INT, REAL, BOOL, IARRA 
Y, RARRAY) BIT(8); | 
DECLARE NTYPES LITERALLY'9!; 
DECLARE(REFER, TOGGLE, PASS, TRU, RND, FLT, ADD, RADD, SUB, 
RSUB, MUL, RMUL, DIV, RDIV, EXP, RIXP, IRXP, RRXP, LSS, LEQ, 
MOL, NEO, GEO, GTR, INEG, RNEG, NTO, AND, BOR, LOD, STO, ST 
D, DEL, DUP, XCH, HLT, BRS, BSC, NOP, PRO, RIN, GET, RET, RR 
D, IRD, BRD, WRV, DUP, TAB, SUP) BIT (8); 
DECLARE NOPCODES LITERALLY!'50!'; 
DECLARE OPCODES CHARACTER INITIAL ( 
*'NULLDEFAULTLOCENTXITINTREALBOOLIARRAY RARRAYREFERTOGGLEPASST 
RURNDFLTADDRADDSUBRSUBMULRAULDIVRDIVEXPRIXPIRXPXPRRXPLSSLEQE 
OLNEOGEQGTRI NEGRNEGNOTANDBORLODSTOSTDDELDU PXCHHLTBRSBSCNOPPR 
ORTNGETRETRRDIRDBRDWRVDMPTABSUP') ; 
DECLARE OPRANGE(60) BIT(8) INITIAL(G, 4, 11, 74, 17, 20, 23, 
fai, 37, 43, 48, 54, 58, 61, 64, 67, 70, 74, 77, 81, 84, 
epeeot, 95, 98, 102, 106, 110, 113, 116, 119, 122, 125, 128, 
eee) 136, 139, 142, 185, 148, 151, 154, 157, 160, 163, 166, 
169, 172, 175, 178, 181, 184, 1387, 190, 193, 196, 199, 202, 
woe, 205); 
MgelARE OP TYPE(59) BIT(8) INITIAL(O, 0, 0, 0, 0, 0, O, O, 
mumlperor 0, O07, 7, 7, 8, 8, 0, 0, 8, 8, 0,#0, 0, 0, 0, 0, 
merc, 0, 0, 0, 0, 0, 0, 8, 8, 2, 4, 3, 5¢ 6 Ye OO, 1, 
[mmo i2, 13, 0, 0, 0, 0, 0, 0, 0, 0, 0); 
BEGLARE OP DEGL(59) BIT(8) INITIAL(0O, 0, 0, 0, 0, 0, O, 
CPEnOr Orr Orme, 1, 1, 2, 2, 2, 2g 2, Ze 24 24 25 2e 2s 
Meee 272, 2; 1; «1, 1, 2, 2, 1, 2, 2- 1, 9, 0, 0, i, 
O, 1, 0, 1, 1, 0, O, 0, 1, O- 1, 1)3 


Nm NM © 
ay = 


= 
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TABLE III (CON'T) 


DECLARE OP_DEGR(59) BIT(8) INITIAL(O, 0, 0, 0, 0, 0, 0, O, 
——wenirerOr 0, 1, 1, 1, 1, 1, 1, %, 1, 1, 1, 1, 1, 4, 1, 1, 
mrt: 1, 1, 1, 1, 4%, 1, 1, 1, 1, 0, 0, 1, 0, 0, 0, O, 
fmoe 0, 1, 0, 1, 1, 1, 0, 0, 0, 0); 

M@eEARE OP INDEX(60) BIT(8) INITIAL(O, 1, 1, 1, 1, 1, 1, 1, 
mee 1, 1, 1, 1, 3, 5, 7, 10, 13, 16, 19, 22, 25, 28, 31, 
34, 37, 40, 43, 46, 49, 52, 55, 58, 61, 63, 65, 67, 70, 73, 
75, 78, 80, 81, 82, 82, 82, 83, 85, 85, 86, 86, 88, 89, 90, 
91, 92, 93, 93, 94, 95); 

[eemARs OP_INFO(170) BIT(16) INITIAL(O, 6, 5, 6, 5, 5, 
Mme 5S, 6, 6, 6, 5, 5, 5, 6, 6, 6, 5, 5y 5, 5, 6, 6, 5, 

MumernG, 6, 5, 5, 5, 6, 5, 6, 5, 6, 6y 6, 6, 6, 1, 1, 7, 
Sweet 1) 7, 1, 1, 7, 1, 18 7, lq tp Te Sy Se Oe Se Ty 

Sue), 7, 7, 7, 27 ty 2e te 1, 2, 


be 


ba] 


ba] 


“= 


b 


munis, 6 «3, 2, 3, 0, 5, 2, 2, 0, 5, 2, 2, 0, 2, 2, 3, O, 
mumemero) 3, 2, 3, 0, 3, 2, 3, 151, 2, 3, 5, 155, 2, 3, 
mame, 3, 5, 163, 2, 3, 5, 0, 2, 5, 2, 0, 2, 5, 2, 0, 2, 
mio 7, 2, 5, 2, 0, 2, 3, 2): 

DECLARE SIMP_INDEX(59) BIT(8) INITIAL(O, 0, 0, 0, 0, 0, 0, 
more 0, 0, 0, 0, 0, 0, 0, 95, 99, 119, 123, 103, 107, 127, 
mameria5, 139, 143, 147, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 
mmo, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0); 
DECLARE OP STR(2) CHARACTER INITIAL(*', 'O', 1"); 


HK RK KKK KK kK KK Ok ok OK 


ba 


ba 


awh 
be) 
= 
“ 
awh 
= 
Big 
™ 
J 
= 
Fay 
“ 
Fang 
& 
mm Mm NO Nw OH NN =- OG NH 
= 


™~ 


DeG@PARE (NULL, DEFAULT, LOC, ENT, XIV, INT, REAL, BOOL, IARRA 
Y, RARRAY) BIT(8); 
DECLARE NTYPES LITERALLY'9'; 
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TABLE III (CON'T) 


DECLARE(REFER, TOGGLE, PASS, TRU, RND, FLT, ADD, RADD, SUB, 
RSUE, MUL, KMUL, DIV, RDIV, EXP, RIXP, IRXP, RRXP, LSS, LEQ, 


EQL, NZQ, GEQ, GTR, INEG, RNEG, NOT, AND, BOR, LOD, STO, 
D, DEL, DUP, XCH, HLT, BRS, BSC, NOP, PRO, RIN, GET, RET, 
D, IRD, BRD, WRV, DMP, TAB, SUP) BIT (8); 

DECLARE NOPCODES LITERALLY'S0'; 
DECLARE OPCODES CHARACTER INITIAL ( 


So . 
RR 


'NOLLDEFAULTLOCENTXITINTREALBOOLIARRAY RARRAYREFERTOGGLEPASST 
RURNDFLTADDRADDSUBRSUBMNULRMULDIVRDIVEXPRIXPIRXPRRXPLSSLEQEOL 
NEQGEOGTRINEGRNEGNOTANDBORLODSTOSTDDELDUPXCHHLTBRS BSCNOPPROR 


TNGETRETRRDIRDBRDWRVDNPTABSUP') ; 
DECLARE OPRANGE(60) BIT(8) INITIAL(O, 4, Tits. lee 
meee so, 37, 83, 48, 54, 58, 61, 64, 67, 710, 74, 77, 


Zo, 
6-1 Ff 


Meese si Io, 96, 102, 106, 110, 113, 116, 119, 122, %25, 
128, 132, 136, 139, 142, 145, 148, 15%, 154, 57, 160, 163, 
mento, 172, 175, 178, 181, 184, 187, 190, 193, 196, 199, 


Poe, 205, 208); 

DECLARE OP_TYPF(59) BIT(8) INITIAL(O, 0, 0, 0, 0, 0, 0, 
mero, 0, 0, 7, 7, 7, 8, 8, 0, 0, 8, 8, 0, 0, 0, 0, 0, 
mmr 6, 0, 0, 0, 0, 0, 0, 8, 8, 2, 4, 3, 5, 6, 9, 0, 
io, 12, 13, 08 0, 0, 0, 0, 0, 0, 0, 0); 
DECLARE OP _DEGL(59) BIT(8) INITIAL(0O, 0, 0, 0, 0, 0, 0, 
Mrmr, 0,1, t, 1, 2, 2, 2, 2, 2, 20 22 21 2 2, 2, 
MEP) 2) 1, 1, 1, 2, 2, 1, 2, 2y ty 0, 0, 0, 1, 
mmreO, 1, 1, 0, 0, 0, 1, 0, 1, 1); 

DECLARE OP_DEGR(59) BIT(8) INITIAI.(0, 0, 0, 0, 0, 0, 0, 
rer Orwacyt?, 1, lua, 4, 1, 1, 1, 1, t¢ 1, 1, Vy 11 
Deeper 1 1, 1, 1, 1, 1, 1, 1, 0, 0, 1, 0, 0, O, 
Poo Oo, 1, 0, te 1, 1, 0, DO, 0, O);5 
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PABIing ELE (CON*T) 


DECLARE 
1, 1, 1, 
Ba, «637, 


OP_INDEX (60) BIT(8) INITIAL(O, 
wade 03, 5, 7, 107713, 16, 
40, 43, 46, 49, 52, 55, 58, 
75, 78, 80, 81, 82, 82, 82, 83, 85, 
91, 92, 93, 94, 95); 
DECLARE OP_INFO (170) 
pys, 5, 6, 6, 6; 5, 
Gee 5) 


ao ls 
Ip 22 
61, 63, 65, 
85, 86, 86, 


BIT (16) 
Dig, 2s 


INITIAL (0, 
Gaps 


6, 


6, 6, 3) 


0, 
3, 
2, 


Sey 
Aol, 
De 


2 ee s 3, 2, 
mace 2, 3, 5, 163, 2, 535) 8, 
memeet67, 2, 5, 2, 0, 5, | 
DECLARE SIMP_INDEX (59) BIT(8) INITIAL(0, 0, 0, 0, 0, O, 

more 0, 0, O, 0, O07 0, 0, 95, 99, 119, 123, 103, 107,71 
memei25, 139, 143, 147, 0, 0, 0, 08 08 0, 0, 0, 0, 0, 0, 
mero, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 

DECLARE OP _STR(2) CHARACTER INITIAL('', 'O', '1*'); 


/*® CASE 0: NULL */ 


CASE 1: 


Sy 0; 


3, 


2, 
2, 


3, 
0, 


D4 


6 
3, 2, 3, 
0 
3 Ze 


y ~Ay. 
i¢ “mJ 


f* VERAUL => (TYPE) */ 


13, 
90, 


= ~Q & 


& 


be] = % 


am n NO OW YQ = ON 
& 


b 


0, 
24 
0, 
0); 


yx 
/* 
/* 


7 


SASE 2 
’ 
BASE 3: 
a 
CASE 4: 
> 
CASE 5; 


ILION 


=> 


ENT 


XIT => 


INT => 


(TYPE) 


(RY PE) 


(TYPE) 


(TYPE) 


m7 


nA 


ma 


ag 
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/* 


/* 


/* 


/* 


ye 


is 


© 


/* 


/* 


/* 


© 


ye 


/* 


/* 


/* 


yr 


/* 


CASE ©: 
; 

GASE 7: 

CASE 8: 


CASE 9: 
CASE 9: 


CASE 10: 


CSE vil: 


CASE 12: 
enon) 133 
: 
Gras 1a: 
’ 
ChSn. 15: 
GASE 162 
’ 
GAS 17 2 


« 


CASE 18: 


CASE 19: 


CASE 20: 
; 


@ensk 21: 


TABLE III (CON'T) 


REAL => (TYPE) */ 
BOOL => (TYPE) */ 

IARRAY => (TYPE) */ 
RARRAY => (TYPE) */ 
RARRAY => (TYPE) */ 

REFER => (OPCODE) */ 

TOGGLE => {(OPCODE) */ 

PASS => (OPCODE) */ 

TRU REAL => INT (OPCODE) */ 

RND REAL => INT {(OPCODE) */ 

FLT INT => REAL (OPCODE) */ 
oii hit (OPCODE */ 
RADD REAL REAL => REAL (OPCODE) */ 
SUB INT INT => INT (OPCODE) ¥*/ 
RSUB REAL REAL => REAL (OPCODE) */ 
MUL INT INT => INT (OPCODE) */ 
PMU ee MERPE AL => REAL  (OPCCDE) */ 


a5 





ho 


V fas 


J * 


ye 


ye 


Views 


This 


/* 


yy 


/* 


ye 


ye 


7 


7 * 


Thos 


; 
GASE-z2: 
; 
GASE 23: 
CASE 24: 
GHSE 25: 
CASE 26: 


9 


CASE 27: 


GASE 28: 


CASE 29: 
GASE 30: 
; 
CASE 31: 
Cynon. 32: 
GASE 33: 
’ 
OFS See 
CAS tes oO. 


CASE 36: 


e 
9 


CAHSE 37: 


TABLE III (CON'T) 


DIV INT INT => INT (OPCODE) sah 


RDIV REAL REAL => REAL (QPCODE) */ 


EXP INT INT => INT (OPCODE) ¥*/ 


RIXP REAL INT => REAL (OPCODE) */ 


IRXP INT REAL => REAL {(OPCODE) */ 


RRXP REAL REAL => REAL (OPCODE) */ 


LSS DEFAULT DEFAULT => BOOL (OPCODE) 


tot 
tx} 
oe) 
ns 
ik | 
ray 
pit 
c 
tet 
tJ 


EQL DEFAULT DEFAULT => BOOL (OPCODE) 
NEQ DSFAULT DHFAULT => BOOL (OPCODE) 
GEQ DEFAULT DEFAULT => BOOL (OPCODE) 


GTR DEFAULT DEPAULT => BOOL (OP ECODE) 


INEG INT => INT (OPCODE) ¥*/ 
RNEG REAL => REAL (OPCOD2) 7 
NOT BOOL => BOOL (OPCODE) */ 


AND BOOL BOOL => BOOL (OPCODE: */ 
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DEPAULT => BOOL {OPCODE 


7 


ear 


i 


a7 


aA 


air 





7 


Vine 


hove 


/* 


/* 


ye 


View 


/* 


7X 


ye 


/* 


yx 


/* 


/* 


; 
CASE 38: 

: 
CASE 39: 


CASE 40: 
; 
GASE. 41: 
CASE G2: 
: 
CASE 43: 
CASE 4&: 


CASE 45: 


GASE 46: 
: 
CASE 47: 
CASE 4S: 
CASE 49s: 


GAse 50: 


CASE 5S te 
CASE 52: 


GASE. 53: 


BOR 


LOD 


STO 


STD 


DEL 


DUP 


XCH 


HLT 


BRS 


Bac 


noe 


PRO 


RTW 


GET 


RET 


RRD 


Paobo fit (CONT T) 


BOOL BOOL => BOOL (OPCODE */ 
LOC => DEFAULT (OPCODE  ¥*/ 
LOC DEFAULT => DEFAULT (OPCODE) */ 
LOC DEFAULT => (OPCODE) */ 
Deeaune =>  {OPCODE) ~*/ 

=> DEFAULT (OPCODE) ¥*/ 

=> (OPCODE) */ 

=> (OPCODE) */ 

XIT => (OPCODE) */ 

BOOL XIT => (OPCODE) */ 

=> (OPCODR) */ 

XIT => (OPCODE) */ 

=> (OPCODE) */ 

iN => LOC (OPCODE) */ 

LOC => (QPCODE) */ 


=> KEAL (QPCODE} */ 


Sy 





/* 


/* 


/* 


7 = 


/* 


f 


GASE 34% 


«e 
9 


GASE 55: 


9 


CASE 56% 
’ 
CASE .57: 
GAS E256: 
CASE 593: 


IRD 


BRD 


WRV 


DMP 


TAB 


SUP 


DAB oe LiL (CON* T). 


=> INT (OPCODE) */ 


=> BOOL (OPCODE) */ 


DEFAULT => (OPCODE) */ 


=> (OPCODE) */ 


INT => (OPCODE) */ 


DEFAULT => (OPCODE) */ 


38 
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A 
+ 
Se) 
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+ 
NO 


x 


ra) 


CONSTI AN. fag Ge 





INTERMEDIATE LANGUAGE OUTPUT FORMAT FROM CSFE 
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‘The CONSTANT TABLE begins with a count of the number 


Or constants. 


An entry then follows for each constant as: 


‘number of characters for the 
constant 


type of constant 


23 address assigned to the 
constant 
Q+i Character string of length 


i representing the constant. 


The basic CSFE procedures are as listed with calling 


values of: 


1) 


2) 


3) 


4) 


Oo - operator 


Eo= type 
Ss - character string 
14 
'o—eenteder constant Q S xX ££ 2 . 
Piet Gro —- places a reference to an 


operator in the Polish sequence. 


EMITC(s,t) - places a reference to the 
constant string s of type t into the Polish 


sequence. 


EMITA(xX) - places a reference to 
address x into the Polish sequence. Type LOC 


is associated with the address. 


EMITAC(s,t) - places a reference to the 
GOvstant Sting S Of type t into the 


Polish sequence. 
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5) EMITI(t) - places a reference to an operand 
of type t with an indeterminate value into the 


Polish sequence. 


Additionally, the Cor handles “branch point 
resolution." Branch points are referenced symbolically in 
the Polish sequence during compilation. A particular point 
in the sequence can be given a symbolic name for future 
reference. Whenever a symbolic location is defined, an ENT 
is inserted. Furthermore, references can be made to 
locations which have not as yet been compiled, caiied an 
"unresolved reference." When an unresolved reference 
OCcCUrS, the CSFE "resolves" the reference by inserting an 
address in the ADDR field of all XIT operands that 


previously referenced the symbol. 


The CSFE procedures for labei processing are: 


1) EMITE(s) - ENT type variable which resolves 


the top-most stacked reference to s. 


2) EMITB(s) ~- backward reference to a label 


s which has already occurred. 


ay) ENtGY (Ss) — forward branch pointSWhich has 


hot. OCCUrLed. 


4) EMITPE(s) ~ ENT type variable that does. 
[omeresOmverany crererences to label s, 


called a "push down entry." 


5) EMITPF(s) ~ forward reference to label s 
which "pushes" all previous references 
to label s. An EMITE(s) will resolve this 
reference but not the references which were 


"pushed down." 
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6) 


7) 


Savon Bea Saves the current state of 
the label stack. Used to process inner loops 


such as embedded for-loops. 


RESTORELAB -~ restores the label stack to 
the configuration present upon the last call 
to SAVELAB. 


Additional utility procedures are also present as 


follows: 


1) 


2) 


3) 


EPUt hn.) eeepeaces a REFER operator into 

the Polish sequence. The ADDR field is 

set to x. This is normally called at each 
card boundary in the source program with a 
line number of x; therefore, if an error 
condition 1s detected, the Polish sequence 

1s scanned backwards to the last REFER. The 
ADUR £letrag along with che CFSET field 

at the point of error are combined to pinpoint 


the error in the original source program. 


EMITP(x) - places a PASS operator with 

an ADDR field of x into the Polish sequence. 
The PASS operator is ignored by the CSF. 
Thus, the PASS operator can be used to pass 


information to subsequent modules. 


EMITT (x) - places a TOG operator with an 

PDR eka Orexe nto the Polish sequence. 

The x value is a bit word representation 

of toggle flags that can be set on the compile 
pass for later detection by CSF. Conpilation 
toggles are enabled oc disabled in the 


ALGOL~E implementation by: 
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a) $CODE - results in the Polish 
sequence being interlisted with 


the source prograag. 


b) STABLES - causes CSF to give a 
full trace by table dumps of the 


optimization process. 


c) $EXEC - causes a partial trace of 


the CSF analysis. 


d) $TRACE - causes CSF to give a 
partial trace of the optimization 


process. 


During the interlisting of the Polish sequence, 
(i.e., S$CODE is selected), each line of the code trace will 
hold 


WeeOursot tireld = not used 
PieeOPCODL7IYPE —- operator or operand type 
3) cC field = constant indicator 


UY) ADDR field - address 


5) 32-bit word in hexadecimal format. 


A "+" before a line indicates the resolution of a 
forward reference while a "++" andicates that the entry 
point at that line number has caused the resolution of a 
forward reference or has been referenced again as a backward 
reference. The ADDR field of each ENT variable is 
incremented on each reference from an XIT variable. 
Therefore, it contains the number of branches into the 
Peeation of ENT. TABLE IV iS an example of the code 


interlisting option. 


43 





The "constant table" is appended to the end of the 
Polish sequence. This table provides a character string 
representation of each constant encountered in the source 
program. The entire code file {i.e., Polish sequence and 
constant table) 1S passed to the CSF at the end of 


eompllation. 


Be OPTINIZING FUNCTIONS INCORPORATED IN THE CSF 


Before giving the details of the CSF implementation, it 
is necessary to describe the optimizing function and meet 
Operator currently used. Information for three forms of 


optimization is collected: 


1) Constant Propagation 
2) Samplifying Formal Identities 


3) Common Subexpression Elimination. 
1. Constant Propagation 


The pool associated with each basic biock is a 
partition of the program expressions. Constant propagation 
requires that a conStant indicator be associated with every 


equivalent class. For, example; 


Ww we 
It 
mM ti NH 


could be rewritten as 
Ces V5. 


Since A and B are both known constants. Therefore, the pool 
associated with each node is a partition with a constant 
indicator for each equivalence class. The meet operator 


Combines the constent indicators. 
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Peeoliplitying Of Formal Identities 


Aeelast of the Simplifying formal identities 
specified in the CSFG are avaiiable in tabular form in the 
CSF. During the analysis, the expressions are compared with 
this table and transformations are made if a match is found. 


For example, the expression 
A:= A + Q; 


matches the form of the additive identity and couid, 
therefore, be eliminated. Thus, no optimizing function or 
meet operator need be specified since these transformations 


are all local. 


3. Common Subexpression Flimination 


O 


lcs 


ih 


As described in Section I. C., the no ar common 
Subexpression elimination consist of partitions of procrar 
expresSions into groups that are known to have identical 
values. The meet operator is defined as the intersection on 


the equivalent classes. 


The combination of the above three optimization 
forms are incorporated icmerne Cime@nt CSr. This 
combination logically allows detection Or a fourth 
Optimization form, common subexpressions that are linked to 
a previous constant propagation. The meet operator is the 
intersection operator. The four types are detected using a 


hierarchy of: 


1) Propagated Constants 

2) Simplifying Formal Identities 

3) Common Subexpressions that link to a 
Propagated Constant | 


4) Common Subexpressions. 
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C. CODE SYNTHESIS FILTER (CSF) 


The following sections give the programming structures 
and methodology that are used in the implementation of the 
global flow analysis alcorithm. The CSF module was written 


in the XPL language utilizing the XCOM control system [37]. 


1. Program Flow 

The actual implementation of the global flow 
analysis algorithm is incorporated in this module. In order 
to analyze the input Polish sequence, a "meta-execution" is 
performed on the intermediate language. This process 
utilizes the "vaiue number" concept of Cocke [10] which 
resuits in a more simplified data structure than would 
normally be expected. The "value number" will be referred 
memeas a "class nunker," and an equivalence class will have 


one such class number assigned to it. 


The CSF is separated into three logical parts: 


Ween tlaliazation 
2) Control Flow Analyzer (CFA) 
3) Basic Block Analyzer (BBA). 


The initialization routines accept the intermediate 
code file from the CSFE and prepare all data structures for 
processing. It is here that a CONSTANT TABLE is built as 
produced by the ALGOL-F compiler. 


The CFA controls the flow of processing fron block 


to block, performs the meet operation and terminates the 
est. 


4) 





The EBA is invoked to analyze each block (i.e., the 
application of the optimization function). It is here that 
meta-execution takes place and optimization information is 
detected. Figure 5 depicts the overall flow of the CSF. 


The enclosed listing of CSF has been fully annotated 
in order to provide documentation of individual routines. A 
complete discussion of table structures and the more 


important procedures ar2 given in the following sections. 


2. Implementation Nethodoloay 
The implementation of the global flow analysis 
algorithm was done uSing structured programming concepts. 
All functions are isolated within procedures and each 
procedure iS aS autonomous aS possible. A complete 
Mesertotion of the vrogram organization and cutput can be 


accomplished by examining four areas: 


fe Control Structures 
2) Meta-Execution 
3) Meet Operation 
4) Output Formats. 


as CONCEOL, Structures 


The program branching structure is followed by a 
precedure called "CONTROL-FLOW," the Control Flow Analyzer 
(CFA). Tne CPA repeatively cycles through the following 
See Ds >; . | 

1) select a block to be processed 
PeOnmunemtop OLetne ist L. 


2) call the Basic Block Analyzer (BBA) 


to process the block. 
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3) use the P produced by the 
O 


the BBA to perform the meet operation 


on all successor blocks. 


4) order the blocks to be processed list 


according to the block selection rule 


ieeert Lect. 


These steps are continued until no blocks are available to 


be processed in step 1. The CFA then calls a procedure, 
MOUTPUT OPTIMIZATION," Which writes an annotated 


intermediate language code file along with a synopsis of the 


optimization process. 


The "blocks to be processed EPrst, (i “consists 
of two eliements as follows: | 


DeeeOnm Gils a thirty-two (32) pit entry of: 


BIvs CONTENT 
G= 15 First word address of the block 
Inethne code file, 
16 set if initial pool has heen 
DUES EOr this biLock, 
T7300 immediate predecessor block 
number, 
31 set if block is not to be 


processed ({i.e., P S$ P. in 
C ne 
step 05 of the flow algorithm).: 
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.2) SAV-TOG is an eight (8) bit entry of: 


Bit 

0 set if control flow trace of 
optimization process desired, 

1 set if complete table trace of 
Optimization process desired, 

Z set if detected constant operands 
are to be propagated, 

3 set if false branches are to be 
renoved from detected constant 
decision branches, 

4 set if output from CSF is desired in 
punched cards, 

Se are not currently used. 


bad 


The function of the two tables is to save blocks 


to be processed along with optimizer toggles for each block. 


If it is found that a block need not be processed (i.e., the 


test of P <P. is true after 
2 aL 


in step Q5 of the algorithm) a 


than rearranging the table 


Successor block has never been 


performing the meet operation 
Single bit can be set rather 
sequence. If an immediate 


encountered befor2, its P 
Ss 


becomes the P from the immediate predecessor block in the 
O 


procedure "BUILD INPUT POOL." 


Blocks are entered on the top of the "to be 


processed list," L as they are 


encountered by the BBA (1.e., 


when a branch operator is encountered). After performing 


the meet operation on all successor blocks, the CFA calls 
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mie procedure "ORDER _BLOCK_LIST," which arranges the “to be 
processed list," L, in a top down sequence for actual 
processing according to the specified block selection 
method. Presently, any one of four (4) block selection 
methods can be specified. The are: 
Pema sta itr stout: (LEO). 
2. First-in-First-out (FIFO). 
3. Select the P| with the minimum number 
at 
of equivalence classes called the 
min pool selection method, as 
discussed by Lukasczyk [34 }. 
4. Select the P with the maximum number 
i 
of equivalence classes called the 
max pool selection method. This 
was included for comparison 


against the min pool selection 


method. 
MimomGcrmtomcontLrol yblock processing, a. “block 
header" for each block 1s generated when it is first 


encountered. This header is updated each time the block is 
traversed; conseguently, it provides a summary for the block 
at any point during the optimization process. These block 
headers acre saved sequentially above the intermediate 


language code file. The block header format is: 


WORD CONTENT 
0 Block # (15 bits) | previously 
processed indicator (1 bit) | 
STATES TABLE index (16 bits) 
1 First word address in code 


file (1oOmpits eel last word 


address in code file (16 bits) 





2 Number of transversals 


3 Number of references 

4 Number of predecessor blocks 
: referencing this block 

: (variaple number of 

: entries). 


Prior to passing a block's first word address to the BBA, 


the CFA places its P on the ADDRESS and EXPRESSION TABLES 
ah 


uSing information from the STATES TABLE. These tables are 


among the primary mechanisms for the meta-execution 
performed by the BEA and will be discussed in the next 
section. In this manner, the meéta-execution tables are 
preset for any block thus allowing random processing of 
blocks. 


The meet operation is performed by the CPA 
through a call to the procedure PERFORM _MEET OP which 
applies the meet operator to a single immediate successor 
block of the block just processed. A true response from the 
PERFORM MEET OP procedure indicates that’ the immediate 


successor block is to be processed (i.e., the test of P < 
C 


P in step Q5 of Algorithm Q). AS was mentioned previously, 
: 


a single bit in the CONTROL TABLE entry for each successor 
block 1s then sét or cleared to indicate future processing. 
The meet operation will be discussed in more detail in 
Meerion [1.C.2.c. 


b. Meta-Execution 
The meta-execution is performed within the 


Procedure BASIC_BLOCK which 1s the control routine for the 


BBA. The polish seguence is symbolically evaluated uSing an 
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BAECUITION- STACK. 


This process uses "class numbers" instead 


of the actual value of a variable since the actual value is 


not generally Known at compile time. The EXECUTION STACK 


has four (4) elements; 


1) 


2) 


3) 


4) 


Three 


EXVAL# - a sixteen bit entry which holds 


the class number. 


EXTYPE - an eight bit entry which holds 
the type of an operand (e.g., BOOL or 
INT). 


EXCON - a one bit indicator to 


identify an entry as a constant. 


EXADD - a sixteen bit entry that points 
to the ADDRESS TABLE entry that 
corresponds to this EXECUTION STACK entry. 


other table structures are used in 


Sen junction with the EXECUTTON STACK. They are the ADDRESS 
PAbLE, the EXPRESSION TABLE and the CONSTANT TABLE. 


The ADDRESS TABLE defines all variables. There 


are five (5) entries per variable: 


1) 


2) 


Petco ed titbty-=tvompit entry that holds” 
an internal code that identifies each 
variable. This code is generated in 
sequence by the ALGOL-E compiler beginning 
With the first declared. This field 

Will be zero if an ADDRESS 


TABLE entry defines an expression. 


ADDTYPE - an eight bit entry that defines 
the type of the variable. 
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3) ADDVAL - a sixteen bit entry that holds the 
current class number assigned to the 


variable. 


4) ADDCON - a sixteen bit entry that addresses 
the proper entry in the CONSTANT TABLE, 
if the current value of a variable is a 


constant. 


5) ADDNAN - a sixteen bit index to the 
EXPRESSION TABL&E if the entry defines 
an expression. In this case, the ADDRESS 


entry would be equal to zero. 


The CONSTANT TABLE structure consists of four 


_eumeeremencs that define each constant. The elements are: 


1) CONSYM - a character string representation 


of the constant. 


2) CONTYPE - an eight bit entry that defines 


the type for the constant. 


3) CONVAL a sixteen bit entry that holds 


the class number assigned to the constant. 


by SP CONINE — an thirty-two bit binary 
representation of the actual constant 


value. 


new OX PHESSTON TABLE {VTAB) is structured as a 
linear table with sequential expression entries made as they 
Becur. A hash coded retrieval method is used to access the 
table resulting in rapid search for redundant expressions. 
The lower portion of VTAB up to HASHBASE is saved for the 


Primary hash link. Access to this link is formed by 


25. 





INDICATOR + OPERATOR + ED class number + 
ee class number +...+ OPERAND clasS number. 
n 


The link address obtained will either hold a zero indicating 
no expression with this hashcode has been encountered, Or an 
index to the most recent expression that hashed to this 
address. The INDICATOR in the haSh formula is used to 
determine where the class numbers for the operands can be 
found. Specifically, the expression is located either in 
the Per Gurrowe STACK Ob wn the EXPRESSION TABLE. An 
PePRESSLON TABLE entry is structured as: 


WORD | CONTENT 


0 Eres 16-51 Nola the oricinal 
Hash Link address. Bits 0-15 


hold the operator code. 


1 Hash code collision field 
which is zero (0) if no further 


expression links are present. 


2 Class number for oe cea): 
- Ciass number for pecnan Gy 
é - (variable number of operands 
° allowed). 
Zar t Class number for resultant 


Serene 


Zot at 4 Class number for resultant 
: eperala. (variable number of 
: resultant operands allowed). 
eet t+ J + 7 Master chain pointer links all 


entries. Used for bookkeeping. 
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| Additionally, the upper portions of the ADDRESS 
TABLE and EXPRESSION TABLE are used to hoid the P for a 
c 


block, as will be further explained in Section II.C.2.c. 


The meta-execution operates py loading Polish 
operands onto the EXECUTION STACK and setting indexes to 
their respective ADDRESS TABLE entries. When an operator is 
detected in the Polish sequence, the EXPRESSION TABLE is 
searched for an identical entry using the hashcode chain. 


In this manner, common SubexpressSions are easily detected. 


Because of the link from the ADDRESS TABLE to 
the CONSTANT TABLE, the detection of constant propagation is 
a Simple matter of bit checking on the operands of an 
expression. If all operands are in fact constants. a 


propagated constant has been detected. 


The application of simplifying formal identities 
is done by a comparison against a table of simplification 
Gules generated bv CSFG for each expression. Both 
propagated constants and simplification detection are 
accomplished by a call to the procedure SIMPLIFY by the BBA. 
The generated constant propagation case statement Shown in 
TABLE III, is located in the procedure PROPAGATE which is 
invoked when a propagated constant is detected by the 
procedure SIMPLIFY. PROPAGATE then computes the propagated 
constant as specified by the operator. The constant value 
is then entered into the CONSTANT TABLE if it does not 


already exist. 
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As possible code transformations are detected, 
they are also flagged in the table OPTIM_TYPE which has a 
Deraliel entry ror each code word. The entries in the 
erin TYPE TABLE are coded as: 


CODE MEANING 


0 no transformation present 

1 Simplification possible 

2 propagated constant 

3 common subexpression 

Ui common subexpression that links 


to a propagated constant. 


Additionally, an optimization entry is saved for future 
reference at the extreme top of the EXPRESSION TABLE (VTAB). 
The address of this optimization entry is entered into the 
ADDR field of the intermediate cod2 for use by later passes. 


The form of this entry is: 


VITAB LOCATION CONTENTS 
VTOPR Eanes class number 
: (variable number of 
; operands), 
VOPR =~ xX code location at which an 


identical expression can be 
POUMG 2erO. (0) if not 


applicable, 


WOR y= 26 i 1 resultant operand class 


number, 


Where VTOPR is the current pointer to the last entry in the 


top of VTAB. Upon subsequent passes for a block, tais 
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MaeimezatLon expression entry will be updated as necessary. 
If a previous optimization does not recur on ae subsequent 
pass, the indicator in OPTIM_TYPE is reset to zero (0), but 


the optimization expression entry remains linked. 


During the BBA, the tables generated by the CSFG 
come into use. The linkage between tables is in some cases 
Tather compiex and needs clarification for a complete 


understanding of the CSF. 


In order to identify the operator codes in the 


code file, two (2) tables are used: 


1) OPRANGE 
2) OPCODES. 


OPRANGE is a table that 1s indexed by the OPCODE 
field in the code file. Each entry addresses the first 
Smaracter f0r a particular OPCODF in the character string 


called OP_CODES. Figure 6 illustrates this relationship. 


To assist in the processing of expressions, five 


(5) tables are used: 


1) OP_DEGL 
2) OP_DEGR 
3) OP_INDEX 
4) OP_INFO 
5) OP_STR. 


OP_DEGL is indexed by OPCODE and contains the 


number of operands necessary for an operator. 


OP_DEGR is indexed by OPCODE and contains the 


number oz result operands that the operator will generate. 
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OP_RANGE 


OPCODE 
a cuaar 


(OPCODE ) 


OP_CODES 


ELSE 


CHARACTER 




















LAST 


CHARACTER 


Ponce 
CHARACTER 


bist 
CHARACTER 


Pino 
CHARACTER 


FIGURE 6 


OP _ RANGE TO OP_CODES RELATIONSHIP 
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OP_INDEX 1s indexed by OPCODE and points to the 
first entry in OP_INFO for an operand. OP_INFO holds the 
type code for each operand and resultant operand up to entry 
ninety-five (395) in the ALGOL-E implementation. As noted in - 
Figure 7, more than one configuration of operand and 
resultant operand types can exist for a particular operator. 
The OP_DEGL and OP_DEGR counts provide a means of breaking a 


Maltiple configuration into its exclusive parts. 


For the ALGOL-E implementation, the OF_INFO 
TABLE above entry ninety-five (95) is used in conjunction 
With the SIMP_INDEX TABLE and the OP_STR TABLE to identify 
Simplification rules. SIMP_INDEX is indexed by the operator 
code and indexes the first simplification rule in OP_INFO 
for that operator. Table OP_STR holds the string 
representaticn of the identity operands "1" and "0" for 
ALGOL-E. Bach entry of OP_INFO is eight (8) bits as 
pOliows: 


Bil CONTENT 
0 = identity operand 
O = variable identifier 
a) if identity operand this field 


BOimteseto OP SPR Lor 
proper identity. If variable 
operand this field holds 


the type code. 
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OP_INDEX OP_INFO 


ENTRY 0O 






ioe (TYPE CODE) 


(OPCODE | ) (TYPE CODE) a 
= 


OP_DEG 


(TYPE CODE) 
OND aaere id 


rrr cone) CODE) 





(TYPE CODE) OP DEG 





ENTRY 95 -~y ee 


FEGuRt 7 


Cee OTOP INFO RELATIONSHIP 
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Each entry of OP_INFO iS a description of an 
operand or a resultant operand. Figure 8 depicts the 
Seplafication Link Structure within OP_INFO. Note that 
more than one rule can exist for an operator in OP_INFO. A 
link from rule to rule is present, and OP_DEGR and OP_DEGL 
are used to process each rule. The last link rfielid contains 
zero (0) which serves as the rule terminator for an 
operator. When a rule is matched against an existing 


expression, a Simplification has been found. 


The BBA seguentially processes the Polish 
elenents beginning with the block's first word address 
provided by the CFA. Since the BBA processes only basic 
blocks, it returns control to the CFA upon encountering a 
branch operator or an ENT type variable. Any XIT operands 
encountered by the SBA result in entries on the CONTROL 
STACK with the ADDR field specifying the first word address 
of the immediate successor block. An ENT variable also 
results in a CONTROL STACK entry beginning at the next 


sequential instruction in the code file. 


Because of constant propagation, the BBA is able 
Memeearter the actual block flow of the program if a 
propagated constant is detected while processing a 


conditional branch operator. Por example, given the program 


ASS 5: 
Bs = “10; 
LE Ae > B THEN 
Gaat= 6° 
Des = “72 
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the test of A > B would obviously always be false. When 
Mas condition is detected, only one of the <XIT variables 
generated by the compiler would be placed on the CONTROL 
STACK. This can resuit in entire sections of a program 
never being traversed. The flow of the above example would 


effectively become 


ie 


° 
9 


ee 


oO wo we 
i 
~J ow WN 


This facility can be controlled by a toggle called 
BRANCHTOG. If it is false, both exits will always be 


processed. Currently it is set to a true condition. 
c. Meet Operation 


The meet operation iS accomplished from within 
procedure PERFORM NEET OP which 1s called by the CFA. Each 
cali results in a Single immediate successor block being 
processed. A true or false response indicates to the CFA 
whether the immediate successor block is to be marked for 


future processing. That 1eSiy ais P < P , then 
Cc ul 


PeearORM NEET OP returns false. 
nese eetOb a DLlOGCK 15 Saved via the STATES TABLE 
Cc 


in the upper portions of the ADDRESS and EXPRESSION TABLES. 
The STATES TABLE is a linear table which iS structured as: 
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0 0 
always zero 
1 0 
Z number of States for block #1 
é (index to ADDRESS table 
5 for each state) 
TOS eae oes oe, 0 
ee + 0 
1 ae a ae number of states for block #2 
ace etc 
where a "state" ais a single variable Or expression 
description. The block header for cach block points to its 


respective STATES TABLE entry. The ADDRESS TABLE entry for 


the P is nearly identical to the format previously 
c 


Peescussed; however, it is saved linearly from the tep down 


instead of from the bottom up. The EXPRESSION TABLE entry 
is also slightly different. An ADDRESS TABLE entry 
corresponding to an expression entry will still have zero 
(Cc) in the ADDRESS entry. However, the ADDNAM pointer will 
address the top cf VIAB instead of the bottom. In VTAB, 
only the operands for the expression will be found. Note, 
finally, that the complete state of any one block is 
Bestinct from the other blocks; that is, no ADDRESS TABLE 


State entry 1S shared by blocks. 
An important point in understanding the 


Structure of the EXPRESSION TABLE (VTAB) is that it holds 


three separate entries. They are: 
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1) current expressions for the block being 
processed, 

2) information on detected transformations, 
and 

3) operands for the saved current optimized 


BeOlsSTOL ali blocks. 


Only the current expression: entries are hash coded, and 
reside in the lower part of VTAB. The other two entry types 


are found in the upper regions of VTAB. 


Peron cow carting PERFORM MEET OP, the Car 
structures the lower ADDRESS TABLE so that it completely 
reflects the P of the last processed block. This is 

O 


accomplished by moving any EXECUTION STACK entries onto the 


MoORESS TABLE. The ADDRESS field will be a number 
representing the relative position of the entry on the 
fereuTlON STACK. The uppermost bit (bit 15) of the ADDRESS 
field is set to identify the entry as originating from the 
EXECUTION STACK. Therefore, the meet operation need only 


look at the lower ADDRESS TABLE for the P and the upper 
3 O 


ADDRESS TABLE specified by the STATES TABLE for the P of 
C 


the immediate successor block. 


The meet operation is accomplished in three (3) 


steps: 


Peel iittalaze 
2) Process all simple variables 


3) Process all expressions. 


Two (2) tables, the CLASS OCCURRENCE LIST and the CLASS 
REFINEMENT TABLE, are the primary structures used EO 


accomplish the meet operation as developed by Kildalli [281]. 
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The initialization stage builds the CLASS OCCURRENCE LIST 


based onthe P of the block to be processed. This list is 
e 


simply a count of the occurrence of each class number that 
is assigned to a Simple variable or an expression. 


NercrmineveGnoo OCCURRENCE LIST is built, all 


Simple variables are processed from the P of the immediate 


C 

successor block. The P is searched for each identifier in 
O 

the P. if the identifier exists, the class numbers fron 


C 
the two (2) pools are entered into the CLASS REFINEMENT 


LIST. 2If the class numbers are not the Same, a new "refined 
class number" is assigned to the identifier. fhe identifier 


is then placed in the P| with the refined class number. As 
oa 
each identifier is processed. from the P, its class 


Ss 
meemrrence is decremented in the CLASS CCCURRENCE LIST. 


After all simple variables have been processed, 


each expression in the P 1S considered. When an 
e 


unprocessed expression is found, a check is made to ensure 


free the the CLASS OCCURRENCE LIST for all its operand class 
numbers are zero (0). If they are not, the expression is 
not processed until they are, with a single exception. 


Simplification rules such as 
A+ 0= A 
Cause both (A + 0) and A to appear in the same class. When 


this occurs, {A + 0) is treated the same as A. 


If an expression can be processed, its resultant 


ess number count 1s decremented in the CLASS OCCURRENCE 
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LIST. A list of candidate expressions to consider in the ?P 
| O 


is formed by examining the CLASS REFINEMENT LIST. If an 


expression in the a has operands oes and EY a search of 
the CLASS REFINEMENT LIS&Z will be made to identify class 
numbers in the ie that are eguivalent to ee and ees For 
example, if an output pool is 
P = {A ] Bj A+ B, B + 3B} 
(1) (2) (3) 
and a current pool is 


Pp = {A} BI A+ B, B + A} 
Cc 


(5S) (6) (4) 


‘where each class is labeled with a class number. Tite Grns > 
BeCURRENCE LIST would be: 


NUMBER OF OCCURRENCES CLASS NUMBER 


1 
1 
7 


After processing Simple variables, the CLASS OCCURRENCE LIST 


would be: 


NUMBER OF OCCURRENCES CLASS NUMBER 


ee eee we ee eS — s—— i or emg ES Se ee ee a or ee et 


ana the CLASS REFINEMENT TABLE would be 


P CLASS NUMBER P CLASS NUMBER REFINED CLASS NUMBER 


NO 
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Since identifiers A and B were both found, the P. to this 
a 


point wouid be 


Pee ener Br 
L 


(7) (8) 


feem searching the CLASS OCCURRENCE LIST for the operand 


class numbers of the expression (A + B) in the P , none will 
Cc 


be found; therefore, the expression can be processed. The 
resultant class number, 4, is deleted from the CLASS 
meeukkRENCE LIST. Using the CLASS REFINEMENT TABLE a list of 


candidate expressions to search for in the P is 
ve) 
constructed. This list is developed by taking the operands 
of the expression in the P and searching the CLASS 
Cc 


REFINEMENY TABLE for matches: in the P. For example, a 
O 


- 


class number of 1 in the P is equivalent to a class number 


fe) 
oe 5 in the ce and a class number of 2 in the ae Ls 
equivalent to a class number of 6 in the ee Therefore, the 
expressions to be searched for would be 
b EXPRESSICN LIST 

(5) + (6) 

(6) + (5) 
Since the operator "+t" is commutative. The P is then 


Searched for an occurrence of these expressions. If found, 


the resulting class numbers of the P and P expressions ale 
Cc O 
Smeerecd in the CLASS REFINEMENT TABLE in the Same manner as 


memeean identifier. 
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a ee ee See a — ee SE ow oe ow t= ee eee © = ee mS a —— oe eer ey <ce —_— a eee 


P CLASS NUNBER P CiASS NUMBER Peo ove ClhASs> RUNBER 
oO 


An expression entry can then be made in the P. 
1 
using the refined class hnunbers for both operands and 


resultant operands. The P. would then be 
1 


oem At Bp {| A + By, B + A}. 
3h 


(7) (8) (9) 


Ae Cer all expressions have been processed, the CLASS 
BGECURRENCE LIST wiil be empty. If an expression ore 


meaentifier in the P is not found in the P , the current 
e O 


State of P has been altered and PERFORM_MEFT_CP wiii return 
: E 


true, irdicating the block must be traversed again. 


“A problen With the handling of constantS occurs 


1f an identifier or expression 1S a constant in the P and 
S 


is present in the P but its valve is not a constant in the 
O 
P . The state has changed in this situation, thus requiring 
O 


Meeeruc response from PERFORM MNEET_OP. 


AS each identifier and expression is processed, 
fjeeP area at the top cf the ADDRESS TAELE is upcated. 
a 
This is the P| that is being formed, which is to be loaded 
z 
onto the lower ADDRESS TABLE by the CFA before calling the 


memeectO Drocess the hlock. At the completion of the CSF, the 
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P held within the upper ADDRESS TABLE is the EA (i.e, , MOP) 
Cc 


for each block. 
d-weeCuLceEuL TOLmats 


A number of table formats have already been 
discussed; however, further output format definitions for 
tne equivasence classes and the final optimization 


information is necessary. 


The wsieat ememenentSseunave one of -three formats: 


en eZ) 
Eg 2) 
See CO Lien) Z) < 


Form A{X, Y, Z) refers to a Simple identifier and 
KX as the identifier code nuaber, 


Y is the class number of the constant 
if identifier X is equal to a constant, 


and 
Z is the class number assigned the identifier 
X an the ADDRESS TABLE. 
Forn E(X, Y¥, Z) refers to an EXECUTION STACK entry and 


X is the relative location of the entry from 
the top of the EXECUTION STACK. Y and 


Z are the same as for a simple identifier. 
Form C{X, Y¥, Z) refers to an expression entry and 


X represents the class numbers cf ail operands 


Sepataued by <GOlONnS, 


LaTlcmEncmGuilass Number of the constant 


a2 





if the resultant class number is 


equal to a constant, and 
Z 1s the class number of the resultant operand. 
Another format for expressions is used when the 


expression stack 1s output at the end of processing each 


mlock. mes fOrm 1S 


Cee. 2) 


where 
X is the string representation of the 
expression operator, 
Y is the same as for X in state expressions, and 
Zis the same as for Z@ in state expressions. 
The final optimization results are output in the 
form 
Optimization at X 
tone a ery as |b, @ 
where : 


X 1s the Location in the intermediate 
code file where the optimization 
was detected, 

aay oF ey a are the ciass 


numbers of all operands, 


b is the address of a previous expression 


that is identical, if one exists, and 
c is the resultant class number of the expression. 


In all of the above formats, an unknown element will be 
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mernted as "*,'" 


The block headers are output at the end of the 


optimization process. The format for each biock is; 


LINE CONTENT 
1 block number 
Z first ena wast WOLG addresses 


within the intermediate code 
file for the block 


3 count for the number of 


times the block was traversed 


4 block number of an immediate 


predecessor block 


uo+¢ Tf (variable number of predecessor 


blocks possible). 


The intermediate code fiie is also printed, and the C field 
indicates the actual Pocati cn of any optimization 
M@meermation. The OPTIM TYPE TABLE is output concurrent with 


the code file to indicate the optimization type. 


Several examples of CSF output are enclosed in 
which different block selection methods were used as 
indicated on the output. TEST program number six (6) has 
ali four block selection methods listed so that a comparison 
of the CSF flow using different block selection methods can 


be seen. 
TABLE V is the CSF output from the scurce 


program shown in TABLE IV with $TABLE selected. The 


different tables are identified as they occur. 
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“TABLE V 


fees TRACE OUTPUT FROM OSE 
*#*CODE SYNTHESIS FILTER *** 


BLOCK SELECTION METHOD WILL BE STEEPEST DESCENT (MINIMUM CURRENT POOL) 


**#4C OM P 


LETE TABLE ODUM Pex 
DUMP REQUESTED F 


ROM BLOCK NUMBER = O AT LOCATION = 0 


**47 ABLE DU M P**x AT LOCATION = O 

; Sia Bee €3> <4> <5> <6> <7T> <8> <9> <10> <11> <12> <13> <14> 
CoNTYPE JINT JINT we CCONS TANT TABLE FROM CSFE 
CONVAL 46 47 ; 

CONINT 2 S 


ADDR TABL <1> <2> <3> <4> <5> <6> <7> <8> €9> <10> <11> <12> <13> <14> 
CEMPTY) eee SIMPLE VARIABLES STACK IS EMPTY 


Wemue STACK (TOP AT 127) ql”: COEXPRESSION STACK IS EMPTY 


T STK a)? <2>  <3> <4> <5> <6> <7> <8> <9> <10> <11> <12> <13> <1%> 


ee CsCSSET’:«*TO PROCESS BLOCK #1 
STARTING AT LOCATION 0 





- ie <1> <2> <3> <4> <5> <6> <7> <8> <9> <10> <11> <12> <13> <14> 
| Se EXECUTION STACK IS EMPTY 
#%%%x FORMATTED INTERMEDIATE CODE DUMP ****x 
' Loc BEF OP CODE CNS pone RAW TIDE OPTIMIZATION 
bith eR RR RE Ree ok ee OR RE RRR RE RR REE RCE Re Re ek a ee 
| 0 ENT C146 0003892E 
1 0 MOGCLE 257 09089101 (“~~ INITIAL ENT IS FORCED BY THE 
2 0 TOGGLE 258 00039192 INITIALIZATION ROUTINES 
3 0 LOC 3 000292903 
4 0 INT 1 00059001 [ 
5 0 STO 0 00280000 
6 0 DEL 0 00249900 
7 0 LOC 4 00029004 
| & 0 INT 2 00059902 
9 0 STO 0 00289000 
10 0 DEL 0 002A0000 
il 0 LOC t 00029001 
12 0 INT 0 00050000 
13 c STO 0 00299000 
14 0 LOC 2 00029002 
15 0 INT 0 00059000 
16 0 STO 0 00290900 
| 0 ENT 1 00039301 
| 18 0 LOC 1 00029001 
19 0 LOO 0 00270000 
20 0 LOC 2 000293902 
2} 0 LOO 0 00270000 
[ a 0 GTR 0 00219900 
23 0 XIT 37 00049025 
24 0 XIT 26 OO04)01A 
25 0 BSC 0 002F0000 
26 0 ENT 1 00039001 
27 0 LOC 2 00020992 
_ 28 0 LOC 3 00029993 
29 0 LOO 0 00279000 
30 0 LOC 4 00029004 
3] 0 LOO 9) 00270000 
32 0 ADO 0 00109900 
33 0 STO 0 00280000 
34 0 DEL 0 002A9900 
35 0 xIT 17 00049011 
36 0 ARS 0 002F0000 
37 0 ENT 1 00039901 
38 0 LOC 5 00020095 
39 0 LOC 4 00029904 
40 0 too ) 00279900 
4] 0 LOC 3 00020003 
42 0 LOO 0 00279900 
43 0 ADD ‘) 090103900 
44 0 STO 0 00289000 
45 0 DEL 0 00240900 
LES SSS Se cere ecer eee eC ee CC eC Le eS Te SSS Se ST eC eT ee eT eS eS eee ee. ee eS 


| | (e 








TABLE V (CON'T) 


BASIC BLOCK Al : 
BEGINNING AT 0, ENDING ATO go BLOCK HEADER 
BLOCK TRAVERSED O TIM 
, QO REFERENCES: 
*##— N OD oS F COM 


PLETE TABLE OU M PK 
| 


B+2 0 | TOGGLE 1258 \ 00089102 (—<§———————-————— TRACE IN BBA AT LOCATION 2 


*¥t7 A BLE OU M P*¥*¥* AT LOCATION = 2 


INPUT POCL FOR BLOCK# 1 IS: 
(NULL) $< $$ $$ BLOCK #1 HAS A NULL INPUT POOL 


at <I> <2> <3> <4> <€5> <6> <7> <8> <9> <10> <1L> <12> <13> <14> 


VALUE STACK (TOP AT 127) 


CONT STK <1> <2> <3> <4> <5> <6> <7> <8> <9> <10> <LI> <12> <13> <14> 
(EMPTY) 

3 
EXEC STAC <I> <2> <3> <4> <5> <6> <7> <8> <9> <10> <11> <12> <13> <14> 
B43 0 1 LOC 1 13 1 00029003 | 
et#T ARLE ODUM Pe** AT LOCATION = 3 
ADDR TAGL I> <2> <3>  <4> “<5>  <6> <7> <B> <9> <10> <11> <12> <13> <14> 
ADDTYPE NULL LOC OPERATOR HAS RESULTED IN A SIMPLE 
mecon 4 : VARIABLE ENTRY BEING ‘MADE IN ADDRESS TABLE 


eS <I> <2> <3> <4> <5> <6> <7> <8> <9> <10> <LI> <12> <13> <14> 





Beppo waa EXECUTION STACK HOLDS ONE ENTRY OF TYPE LOC 

EXVAL# 0 WHICH IS REFERENCING SIMPLE VARIABLE 3 (C) 

B44 0 fINT f 1 1 00059001 | 

*#&4T ABLE ODUM P*** AT LOCATION = 4 

EXEC STAC <I> <2> <3>  <4> “<5> <6> <T> <B> €9>  <10> C11> <12> <13> <14> 

EXTY PE LOC TINT THE CONSTANT OF 2 IS NOW ON THE TOP OF THE 

Hace 2 6 EXECUTION STACK. NOTE THE CONSTANT INDICATOR 

AND THE CLASS NUMBER. 

Bt5 0 1sTo { jo ! 00289000 {| 

€##T ABLE DUM P*k* AT LOCATION = 5 

ADDR TABL S1> <2>_ <3> <4> “<5> <6>  <T> <B> <9>  <10> <11> <12> <13> <14> 

ADDTYPE INT 9 ge —C—C——C_THE VARIABLE 3 IS NOW SET TO POINT AT THE 
AL Ae 

ADDVAL CONSTANT 2. 





C STAC _? <2> <3> <4> <5> <6> <7> <8> <9> <10> <11> <12> <13> <14> 


OD l 
AL# 46 
Beg 0 IDOEL { {0 1 o02A0000 | 
*4T ABLE DU M P**®* AT LOCATION = 6 
i <l1> <2> <3> <4> <5> <6> <7> <8> <9> <10> <1IL> <12> <13> <14> 
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{LOC | 14 
**#*xT ABLE 0D UM Peax*x AT 
ADDR TABL <1> <2> <3> <4> 
ADDRESS 3 4 
ADOTYPE INT |NULL 
ADOVAL 46 ¢) 
ADDCON / 0 
EXEC STAC <1> <2> <3> <4> 
EXCON 
EXTYPE LOC 
EXADD 4 
EXVAL# 0 
B+8 0 {INT { f2 
*¥ET ARLE DUM P#x* AT 
EXEC STAC <1> <2> <3> <4> 
EXCON N Y 
EXTYPE LOC J INT 
EXADD 4 2 
EXVAL# 0 47 
8+9 0 ISTO Ifo 
***ET A BLE OD U 4 Pe*¥* AT 
ADOR TABL <1> <2> <3> <4> 
ADDRESS 3 4 
ADODTYPE INT J INT 
ADDVAL 46 47 
ADDCON l 2 
EXEC STAC <1> <2> <3> <4> 
EXCON 1Y 
EXTYPE INT 
EXADD 2 
EXVAL# 47 
Bt10 0 [DEL | {to 
*xXT ABLE 0D UM Pee AT 
EXEC STAC <1> <2> <3> <4> 
(EMPTY) 
Bell 0 |Loc 1 tl. 
*EXxT ABLE DUM Peet AT 
ADOR TABL <1> <2> <3> <4> 
ADORE SS 3 4 1 
ADOTYPE INT TINT JNULL 
ADDVAL 46 47 0 
ADOCON 1 2 0 
EXEC STAC <1> <2> <3> <4> 
EXCON N 
EXTYPE LOC 
EXAODO 1 
EXVAL# 0 
Bt} 2 0 [INT { 10 
eT ABLE DU M Pexe* AT 
EXEC STAC <1> <2> <3> <4> 
EXCON N N 
EXTYPE LOC J INT 
EXAOD } 0 
EXVAL# 0 48 
B+13 0 {STO | fo 


TELE V (CONT) 


1 00020904 

LOCATION = 7 
<5> <6> <7 
<5> <6> <7 
{ 00059902 

LOCATION = 8 
<5> <6> <7 
| 00280000 

LOCATION = 9 
<5> <6> <7 
<5> <6> <7 
{ 002A0000 
LOCATION = 10 
<5> <6> <7 
{ 00020001 
LOCATION = ll 
<5> <6> <7 
<5> <6> <7 
{ 00059900 
LOCATION = 12 
<5>  <6> <7 
| 00290000 


> 


> 


> 


> 


> 


far 


<8> 


<8> 


<8> 


<8> 


<8> 


<8> 


<8> 


<8> 


<8> 


<9> 


<9> 


<9> 


<9> 


<9> 


<9> 


<9> 


<9> 


<9> 


<10> 


<10> 


<10> 


<10> 


<10> 


<10> 


<10> 


<10> 


<10> 


€1b> 


<1l> 


<11> 


€1l> 


C1l> 


€1l> 


<li> 


<1l> 


<11> 


<12> 


<12> 


<12> 


<12> 


<12> 


<l727 


<1 2> 


<i2> 


<12> 


€13> 


<13> 


<l2> 


<13> 


<13> 


Sl3> 


<13> 


<13> 


<13> 


<14> 


<14> 


<14> 


<14> 


<14> 


<14> 


<14> 








TABLE V (CON'T) 





























eT ABLE 0 U M P*** AT LOCATION = 13 
ADOR TABL <I> <2> <3> <4> <5> <6> <7> <8> <9> <10> <11> <12> <13> <14> 
ADDRESS 3 4 1 
AODTYPE INT } INT JINT 
ADOVAL 46 47 48 
ADOCON l 2 0 
EXEC STAC <1> <2> <3> <4> <5> <6> <7> <B> <9> <10> <11> <12> <13> <14> 
(EMPTY) 
B+14 O {Loc | t2 1 00029002 | 
#47 ABLE DUM Pee AT LOCATION = 14 
ADDR TABL <1> <2> <3> <4> <5> <6> <7> <8> <9> <10> <11> <12> <13> <14> 
ADDRESS 3 4 1 2 
ADOTYPE INT J INT J INT YT NULL 
ADDVAL 46 47 48 9 
ADDCON l 2 0 10 
ee, AC <1> <2> <3> <4> <5> <6> <7> <8> <9> <10> €11> <12> <13> <14> 
E 
EXTYPE LOC 
EXACD 2 ) 
EXVAL# 0 
B+t15 O INT {i {0 { 00059900 {| 
*#4T ABLE 0 UM P*x** AT LOCATION = 15 
EXEC STAC <1> <2> <3> <4> <5> <6> <7T> <8> <9> <10> <11> <12> <13> <14> 
EXTYPE LOC JINT 
EXADO 2 0 
EXVAL# 0 49 
B+16 0 1STD | {0 { 00299900 | 
*#4T A ALE DU M Px**x AT LOCATION = 16 
ADDR TABL <1> <2> <3> <4> <€5> <6> <7> <8> €9> <10> <11> <12> <13> <14> 
ADDRESS 3 4 1 2 
ADDTYPE INT JINT JENT TINT 
ADDVAL 46 47 48 49 
ADOCGN 1 2 *) ) 
ee <1> <2> <3> <4> <5> <6> <7> <8> <9> <10> <11> <12> <13> <14> 
B+17 30O {ENT { {1 1 00039001 | 
INITIAL CURRENT GPTIMIZED POOL TO BE USED FOR BLOCK#H 2 IS: THE INITIAL CURRENT 
W020 3%549) AL 1 %*948) A614 547947) A139 46246)) age POOL FOR BLOCK #2 IS THE 


OUTPUT POOL FROM BLOCK #1 
eee t E DU M P¥** AT LOCATION = 17 
a €1> <2> <3> <4> <5> ¢6> <7> <8> <¢9> <10> <1L1> <12> <13> <14> 


17 ee C@BLLOCKSS TO BE PROCESSED LIST HAS A SINGLE 
ENTRY FROM BLOCK #1 TO LOCATION 17. 


EXEC nS <I> <€2> <3> <4> <5> <6> <7> <8> <9> <10> <11> <12> <13> <14> 


Soin a. CFA PASSES CONTROL FROM BLOCK #1 TO 


BLOCK #2. 


CONTROL AT 17, FROM BLK 1 TO SLK 2 (PA 
C+l7 0 1ENT {C150 {| 00038 


S 
0 
*##T ABLE OU M Pet* AT LOCATION = 17 


Mes. POCL FOR BLOCKA 2 IS: E IS FOUR SIMPLE 
A INPUT POOL FOR BLOCK #2..STAT 


ADDR TABL <1> <2> <3> <4> <5> <6> <7> <8> <9> <10> <11> <12> <13> <14> 
ADDRESS [3 4 1 2 

ADDTYPE JINT JINT {INT J INT 

ADDVAL 46 147 148 {49 

ADDCON 1 2 0 0 
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MARBLE V (CON'T) 


VALUE STACK (TOP AT 127) seeXPRESSION STACK IS EMPTY 





















CONT STK <1> <2> <3> <4> <5> <6> <7> <8> <9> <10> <11> <12> <13> <14> 
(EMPTY) 
Meee STAC <1> <2> <3> <4> <5> <6> <7> <8> <9> <10> <11L> <12> <13> <14> 
(EMPTY) 
B+18 Oo {LOC 1 il {J 00029001 | 
**4T ABLE D0 U M P#%* AT LOCATION = 18 
ieee, STAC <> <2> <3> <4> <5> <6> <7> <8> <9> <10> <11> <12> <13> <14> 
EXTYPE LOC 
EXADD 1 
EXVAL# 0 

> 
B+19 0 |Loo | Jo { 00279000 J] 
€*#*T ABLE D UM P#** AT LOCATION = 19 ? 
ec, STAC <1> <2> <3>°  <4> <5> <6> <7> <8> <9> ¢10> <!1!1> <12> <13> <14> 
EX 
EXTYPE INT 
EXACO 0 
EXVAL# 48 
B#20 O {LOC | l2- | 00022002 | 
EXT ABLE 0 UM Px*** AT LOCATION = 20 
EXEC STAC <1> <2> <3> <4> <¢5> <6> <7> <8> <9> <10> <11> <12> <13> <14> 
EXTYPE INT {LOC 
EXADD G 2 
EXVAL# 48 0 
Be21 OO [LOO 1 Jo { 00270000 | 
‘EXT ABLE D UM P##* AT LOCATION = 21 7 
mec, STAC <1> <2> <3> <4> <5> <6> <7> <8> <9> <10> <11> <12> <13> <14> 
EXTYPE INT J INT 
EXADO 0 0 
EXVAL# 48 49 
Bt22 0 {GTR | Jo | 00219900 | 

AN EXPRESSION ENTRY IS MADE..WHILE A GTR B DO 

RT roe ST tga) fk LOCATION = 22 OPERANDS OF 48 AND 49 AND A RESULT OF 50. 
C(GTR 48 49 {50) 
EXEC STAC <1> <2> <3> <4> <5> <¢6> <7> <8> <9> <¢10> <11L> <12> <13> <14> 
EXTYPE BOOL 
EXADD a) 
EXVAL# 50 
B+23 0 | X1T | 137 | 00040025 | 
e**T A BLE D0 UM PX** AT LOCATION = 23 
Mex g1> <2> <3> <4> <5> <6> <7> <8> <9> <10> <11> <12> ¢€13> <14> 
ENTRY ee 
Bee STAC <1> <2> <3> <4> <5> <6> <7> <8> <9> <10> <11> <12> <13> <14> 
EXTYPE BOOL 
EXADD 0 
EXVAL# 50 


eo 








Terie CCON’T).. 














ho {XIT - | 126 1 0004001A_ | 
4#4T ABLE 0 U M P¥** AT LOCATION = 24 
G@umeetK <I> <2> <3> <4> =<5> <6> <7> <8> °><9> <10> <LI> <12> <13> <14> 
BLOCK # ib ————— BLOCK #2 HAS GENERATED TWO IMMEDIATE SUCCESSOR BLOCKS. 
Eales <1> <2> <3> <4> <5> <6> <7> <8 <9> <10> <11> <12> <13> <14> 
EXCON | 
EXTYPE BOOL 
EXADD 0 
EXVAL# 50 
B+25 0 [BSC i [0 1 002F9000 | 
INITIAL CURRENT OPTIMIZEO PGOL TO BE USED FOR BLOCK# 3 IS: 
C(48:349,%,50) Al2s*,49) Alle*:48) (4547547) A(3,%6;46) CURRENT POOL FOR BOTH BLOCK 
#3 AND #4 HAS BEEN SET TO THE 
INITIAL CURRENT OPTIMIZED POOL TO BE USED FOR BLOCK4 4 IS: OUTPUT POOL FROM BLOCK #2. 
C(48:49, *,50) A(2,*,49) Al ls*,48) A(4%;47,47) Al3:346;46) 
#*ET ABLE ODUM P*** AT LOCATION = 25. ; 
ADDR TABL <1> <2> <3> <4> <€5> <6> <7> <8> <9> <10> <11> <12> <13> <14> 
ADDRESS 3 4 l 2 0 
ADDTYPE INT JINT JINT JINT |GTR 
ADDVAL 46 47 48 49 50 
ADDCON l 2 0 0 9 
EXEC STAC <1> ¢2> <3> <4> <5> <6> <7> <8> <9> <10> <11> <12> <13> <14> 
(EMPTY) , 
CONTROL -AT 26, FROM BLK 2 TO BLK 4 (PASS 1) CFA PASSES CONTROL FROM BLOCK #2 TO 
Cae «€©6OCtété«*S-&ENNTT: IC { 0003893C {| “*—— grock #4. 


#447 ABLE ODUM P¥xX* AT LOCATION = 26 
INPUT POOL FOR BLOCK #4 IS 














INPUT POCL FOR BLOCK# 4 IS: ; 
€(48249,%,50) Al2y*149) Alls %y48) 464947947) ACB 446546) 4-—FOUR SIMPLE VARIABLES AND 
ONE EXPRESSION. 

DDR TABL <1> <2> <3> <4> <5> <6> <7> <8> <9> <10> <11> <12> <13> <14> 
DDRESS 3 4 1 2 

NOTYPE INT J}INT PINT PINT 

DOVAL 46 47 48 49 

DDCON ] 2 0 0 

ALUF STACK (TOP AT 133) 

(GTR 48 49 [50) 
es * g1> <2> <3> <4> <5> <6> <7> <8> <9> <10> <11> <12> <13> <14> 
ENTRY 37 

| ae <l> <2> <3> <4> <5> <6> <7> <8> <9> <i0> <11> <12> <13> <14> 

(‘tar 0 {LOC i 12 | 00020002 {| 

*¥#T A BLE DU M P¥** AT LOCATION = 27 | 

EXEC STAC <1> <2> <3> <4> <5> <6> <7> <8> <9> <10> <11> <12> <13> <14> 
EXTYPE LOC 

EXADD 2 

EXVAL# 0 

8428 0 {Loc i 43 1 00020003 | 

FT A BLE D U M P*** AT LOCATION = 28 

ayo A’ <> <2> <3> <4> <5> <6> <7> <8> <9> <10> <11> <12> <13> <14> 
EXTYPE fec {LOC 

EXADD 2 3 

EXVAL# 0 0 


&O 


























B+29 3200 {LOO 1 10 

eeoT ABLE ODUM P¥e% AT 

Meee STAC <1> <2> <3> <4> 

EXCON N Y 

EXTYPE LOC J INT 

EXADD 2 l 

EXVAL # 0 46 

B+30 O {LOC 1 14 

**#xT ABLE DUM P*#* AT 

EXEC STAC <1> <2> <3> <4> 

EXCON N Y N 

EXTYPE Loc {INT {LOC 

EXACO 2 1 4 

EXVAL# 0 46 0 

B+31 0 {LOD i fo 

KeKT A BLE DUM Pxe* AT 

Beeo STAC <1> <2> <3>. <4> 

XCON N Y Y 

EXTYPE Loc JINT JINT 

EXAOD 2 1 2 

EXVAL# 0 46 47 

B+32 0 {ADD {| {0 

EXT ABLE DO UM Px AT 

CONSTANTS <1> <2> <3> <4> 

CONSYH 2 3 5 

CONTYPE INT JINT J INT 

CONVAL 46 4T 52 

CONINT | 2 13 5 

/ 

VALUE STACK (TOP AT 139) 

C(ADD 46 47 152) C(GTR 48 49 

EXEC STAC <1> <2> <3> <4> 

EXCON N Y 

EXTYPE Loc !INT 

FXAOD 2 3 

EXVAL# ) 52 

Bt33 O {STO {| {0 

**eeT ABLE DUM Pxxx AT 

ADDR TABL <1> <2> <3> <4> 

ADDRESS 43 4 1 2 

ADDTYPE INT (INT FINT TINT 

ADOVAL 45 47 48 49 

ADOCON l 2 0 0 

EXEC STAC <1> <2> <3> <4> 

EXCON Y 

EXTYPE INT 

EXAOD 3 

EXVAL# 52 

Bta4 390 [DEL { {0 
| *FAT ARLE DU M px*x*x AT 
SwemmeestTAC <1> <2> <3> <4> 
(EMPTY) 

Be (OCCU XT 


f 117 


TABLE V (CON'T) 


{ 00270000 | 


LOCATION = 29 
<5> <6> <7> €8> <9> 
{ 00020004 | 
LOCATION = 30 
<5> <6> <7> <8> <9> 
{ 00270000 | 
LOCATION = 31 :; 
<5> <6> <7> <8 <9> 
{ 00100000 | 
LOCATION = 32 
<5> <6> <7> <B> <9> 


<10> 


<10> 


<10> 


<10> 


NEW EXPRESSION ADDED 





Fs B s= C+D; 
{50) 
<5> <¢6> <7> <8 <9> 
{ 00289900 | 
LOCATION = 33 
$2 <6> <7> <B> <9> 
I NT 
52 
3 
<5> <6> <I> <8> <9> 
{00240000 {| 
LOCATION = 34 
<5> <6> <7> <8 <9> 


{ 00049011 | 


on 


<10> 


<10> 


€10> 


<10> 


<[i> 


<li> 


C1Li> 


<1l> 


<li> 


<ll> 


C1i> 


<1l1l> 


<12> 


<i27 


<12> 


<12> 


<12> 


<12> 


<12> 


€12> 


<a> 


<1o7 


<13> 


1S FP 


<13> 


<13> 


€13> 


<13> 


14> 


<14%> 


€14> 


€14¢> 


<14> 


<14> 


€14> 





Tipe V (CON? T )- 


*eeT ABLE O U M P***% AT LOCATION = 35 

mumestTK <1> <2> <3> <4> <5> <6> <7> <8> <9> <19> €11> <12> <13> <14> 

BLOCK # {2 & 

ENTRY 37 17 

EXEC STAC <1> <2> <3> <4> <5> <6> <7> <8> <9> <10> <LI> <12> <13> <14> 

(EMPTY) 

B+36 0 {BRS {! 10 { OO2ED000 | 

BEFORE THE MEET OPERATION: MEET OPERATION IS NOW PERFORMED USING THE FIRST 
Sa 


: BLOCK ON THE CONTROL LIST 
TPUT POOL FROM BLOCK# 4 _IS: 
C(482499%,50) C€(1462474%_52) Al2,52452) Alle *y48) A14947547) Al3146946) 


a POOL is BLOCK# 2 IS: 
Al29%249) Alle *548) Al4s47947) Al3946146) 


CLASS OCCURENCE LIST: > 
oe mee 5 UBER ee OF OCCURRENCES 
2 48 1 | 
3 47 i 7 OR CLASS NUMBERS 
? Be ! ARE IN THE OCCURENCE 
LIST 
AFTER PROCESSING SEMPLE VARIABLES: 
Gimmes OCCURENCE LIST: 
(EMPTY ) eg CSIMPLE VARIABLES HAVE EXHAUSTED THE 


CLASS OCCURENCE LIST 
CLASS REFINEMENT TABLE: ‘ 


LOC NEW VALUE# CURRENT VALUE# INPUT VALUE# 

] 53 49 52 

é +3 28 48S ——~_ new CLASS NUMBERS ASSIGNED 

i 446 es As ONLY LF CLASS NUMBERS DIFFER 
AFTER PROCESSING ALL EXPRESSIONS: 

CLASS OCCURENCE LIST: 

(EMPTY) 


CLASS REFINEMENT TABLE? 


LOC NEW VALUES CURRENT VALUES INPUT VALUE# 

1 53 49 52 

2 48 48 48 

3 47 47 47 

4 46 46 46 

AFTER PERFORMING THE MEET CPERATION: 

NEW CURRENT POOL/INPUT PGOL IS THE SAME AS OLD CURRENT POOL 


BLOCK #2 WILL NOT BE PROCESSED 
BECAUSE ITS CURRENT POOL IS SAME 


SA BLE OU M P¥x* AT LOCATION = 36 

ADDR TABL <1> <2> <3>  <4> <5> <6> <7> <8> <9> <10> <1L> <12> <13> <14> 
ADDRESS zi 4 1 2 2 ¢) 0 : 

ADDTYPE INT J; INT JINT JFINT JINT FADD |GTR 

ADOVAL 46 47 48 49 a2 ae 50 

ADOCON 1 (a 0 0 3 0 0 














ee <I> <2> <3> <4> <5> <6> <7> <8> <9> <10> <1L1> <12> <13> <14> 


CONTROL AT 37+ FROM BLK 2 TO BLK 3 (PASS 1) ~ q—— HCFA PASSES CONTROL FROM BLOCK #2 
C#37 OF JENT {c155 |} 00038037 | TO BLOCK #3. 
*8XT ABLE DU M P®** AT LOCATION = 37 


INPUT POCL FOR BLOCK# 3 IS: 
C148249,%,50) Al29%49) AlL1%.48) AL4S947947) =A03146446) 





‘“ ADOR TABL 























<1> <2> <3> Sm 
R 

ee INT TINT JINT TENT 
ADDVAL 46 &T7 48 49 
ADOCGN l 2 0 0 
VALUE STACK (TOP AT 133) 
C(GTR 48 49 150) 

CONT STK <1> <2> <3> <4 
(EMPTY) | 

Smee sTAC <1> <2> <3> <4> 
(EMPTY) 

B+38 0 {LOC { {5 
#*#T ABLE D U4 Px AT 
Abpre sgt 517 27 97 | 
ADDTYPE INT (INT TINT PINT 
ADDVAL 46 47 48 49 
ADDCON 1 2 0 0 
EXEC STAC <1> <2> <3> <4> 
EXCON N 

EXTYPE LOC 

EXADD 5 

EXVAL# 0 

B+39 O {LOC 1 14 
*k*T A BLE DU M P#* AT 
EXEC STAC <1> <2> <3> <4> 
EXCON N N 

EXTYPE toc LOC 

EXAOD 5 4 

EXVAL# 0 0 

Bt40 O {LOD [ {0 
*t*T ABLE DUM Pe**x AT 
EMEC STAC <1> <2> <3> <4> 
EXTYPE Hioc INT 

EXADD 3 2 

EXVAL# 0 47 

B441 OO {LOC 1 {3 
*#*¥T ABLE DU M pxxx AT 
BAEC STAC <1> <2> <3> <4> 
EXTYPE tcc INT }LOC 
EXADD F 2 3 

EXVAL# 0 47 0 

B+42 0 Waele {1 qo 
**kT A BLE DU M Pexx AT 
Mec *e Bl? ad oe <4> 
— 
EXVAL# 13 47 146 

B+43 ) {ADD 1 {0 
*#ET ABLE DUM Peek AT 
VALUE STACK (TOP AT 139) 
C(ADD 47 46 152) C(GTR 48 49 





TABLE V (CON'T) 


<5> <6> 
<5> <6> <7> <8 
<5S> <6> <7> <B> 
1 00029905 | 
LOCATION = 38 
$5? <6> <7> <8> 
NULL 
0 ; 
0 
<S> <6> <7> <8 
1 00020004 | 
LOCATION = 39 
<S> <6> <7> <8 
{00270000 | 
LOCATION = 40 
<5> <6> <7> <8D> 
1 00029003 | 
LCCATION = 41 
<5> <6> <I> <8 
1 00270000 | 
LOCATION = 42 
<5> <65> <7> <B> 
{ 00109000 | 
LOCATION = 43 
150) 
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<7> <8> <9> 


<9> 


<9> 


<9> 


<9> 


<9> 


<9> 


<9> 


<9> 


<10> 


<10> 


<10> 


<10> 


“€10> 


< 19> 


<10> 


<10> 


<10> 


<11> 


<11> 


11> 


<11> 


<11> 


q1i> 


<11> 


<11> 


<11l> 


Slee 


<l2> 


<1l2> 


<12> 


Sl2> 


€12> 


<12> 


<12> 


<12> 


<2? 


<i3> 


<132> 


<13> 


<13> 


€13> 


€13> 


<13> 


<14> 


<14> 


<14> 


<14> 


<14> 


<14> 


<14> 


<14> 


€14> 





EXEC STAC <l> 
EXCON N 
EXTYPE LOC 
EXADD 5 
EXVAL# 0 














TABLE V (CON’T) 


oe ws Oo om ww - . oo 


He <3> <4> <5> <6> <T> <8> 
INT 

3 

52 


} {0 -{ 00280000 {f 


DU M P*** AT LOCATION = 44 + 

ne ie ai See <6> <7> <8> 
INT JINT JINT PUNT 

47 48 49 a2 

Xe 0 0 3 











<2> <3> <4> <5> <6> <7> <8D> 


i 40 ! 002A2900 ! 
DU M P*** AT LOCATION = 45 
<2> <3> <4> <5> <6> <7> <8> 
DU M P¥x* AT LOCATION = 45 
<2> <3> <4> <5> <6> <7> <8> 
4 l 2 5 0 0 
INT } INT TINT JINT $AOD |] GTR 
47 48 49 52 52 50 
2 0 0 3 0 0 

















<9> 


<9> 


<9> 


<9> 


<9> 


<10> <11> <12> <13> <14> 


<10> <L1l> <12> <13> <14> 


<10> <11> <12> ¢€13> <14> 


S102 <li> <lz> <13> <14> 


<10> <11L> <12> <13> <14> 


FINAL OPTIMIZATION RESULTS 


— Gee cee ee ee oe ee ee ee ee ee ee ee ee ee ee ee ee ee ee ee ee ae ee i ee ee ee 


S@wewowrewerera es Bee eeeewen we aes wT oe seme @e seeraeeneaeaaensz eeeeanw weweeeweeweaxrw ZT @ wert ew ew es ee ee es ew eS eS we Se ee Se eS 


OPTIMIZATION AT 
(47,46 


OPTIMIZATION AT 
(47,46 


32 

132,52) CONSTANT PROPAGATION 
43 Ne 

a2 oe") CONSTANT PROPAGATION 


84. 


AT LOCATION 32 AN EXPRESSION WAS 
DETECTED AS A CONSTANT PROPAGATION 

AT LOCATION 43 AN EXPRESSION IS IDENTICLE 
TO AN EXPRESSION AT LOCATION 32 





TABLE V (CON'T) 


zZ 
4 
A 
tx 
o) 
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a op) 
pe 
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<j 
N 
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DAs ¥ (CONT) 


FINAL OPTIMIZATION POOL FOR EACH BLOCK IS 


ACTUALLY THE MOP FOR EACH BLOCK. 
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A(4147547) A(3946146) 


Si: 
A(1,*,48) 


I 


RLOCK# 4 
A(2s* +49) 


: { POCL FOR 


FINA 
C€(48:49,%*,50) 
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DATA 


BLOCK SUMMARY 
BLOCK NUMBER 


NUMBER OF PASSES 


oss emt o= 5 geet 


mN COS 


TION ALGORITHM. 


~ 
ad 


BERS kK soEEE 


: D WAS 4 


F 
NIMUM CURRENT POOL) 


TIME FOR THE OPTIMIZATION WAS 0.233 SECONDS. 


*&*CODE SYNTHESIS FILTER IS COMPLETE *** 
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AS previously mentioned, a principal objective of the 
implementation of Algorithm Q was to test block seiection 
methods. Three classes of programs were analyzed uSing the 
CSF. A class Of programs was developed by writing test 
programs that would encompass Various typical program flows. 
This class is by far the nore complex of the three test 
classes; however, it was felt that a "foreign" source for 
test programs should be sought to inject unbiased data. 
Using MeeoL—F programs written by Students in an 
introductory AIGOL class, two samples were obtained. 
TABLES VI, Vit and VIiI are the synopses of the data 
compiled on these program sets. TABLES IX, X and XI give a 
statistical summary of the program classes while TABLE XII 


is a summary of all prograns tested. 


Lukasczyk {f 34] concluded that "steepest escent 
Cutperformed LIFO, FIFO and the depth-first-search selection 
algorithn of Hecht and Ullman [23, 24]. Whe method used by 
Lukasczyk to heuristicaily arrive at steepest descent was to 


process the block with the minimum number of equivalence 


classes first. To observe the effects of increased 
complexity, the test programs were breken ainto five 


subclasses: 


1) code size less than 200 words 

2) code size from 200 to 400 words 
3) code size from 400 to 600 words 
4) code size from 600 to 800 words 


5) code size greater than 800 words. 


87] 





mao oens Kilt, XIV, XV, XVI and XVII are the summary 


analyses of these subclasses. 


Figure 91s a graphical analysis of the five subclasses 
of orogram size tested. It shows that heuristic steepest 
descent results in a faster convergence rate for the global 
flow analysis algorithm given any of the code file sizes 
tested. The percentage of improvement between steepest 


descent and LIFO at each test level is: 


PERCENTAGE 

LEVEL IMPROVEMENT 
less 200 12.5% 
200 to 400 2.3% 
400 to 600 u4% 
600 to 800 U. 6% 
greater 800 4.5%. 


The improvement of steepest descent over LIFO is obvious and 
as Figure 9 shows, the other two methods tested are worse 
than LiFfoO in ali cases. AS can be Seen, the percentage of 
improvement does not clearly justify the use of a specific 
selection method aS program Size increases. In fact, the 
supposition that the aver2g2 number of blocks increases with 
code size 1S even suspect. Unfortunately, upon ciose 
examination the test data has defficiencies. The number of 
blocks processed for programs with a code file size from 0 
to 490 words is biased from the generalized class of test 
programs. These programs were written to be as conplex as 
possible and do not reflect a true "real world" program 
flow. The code file sizes analyzed are restricted to 
programs with less than 10090 words. bins limitation 
resulted from the inability of the CSF to handle programs 


meat ancluae array structures. It is felt that the limited 
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sample size, coupled with the biased generalized programs 
aS severely affected the test results. 
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TABLE VI 


DATA FOR STUDENT TEST #1 


NUMBER Due or LEClTON MEEBOD CHOSEN 
OpTINS CODE BLOCKS LIPO PEEO MIN POOL MAX POOL 


1 153 15 20 - 49 15 20 
3 162 12 24 42 24 24 
0 123 14 14 23 14 14 
1 152 15 20 19 15 20 
0 99 12 12 19 12 12 
0 101 12 i 19 12 2 
0 144 14 14 De 14 16 
3 91 10 16 19 16 19 
0 115 18 30 35 De 26 
0 165 17 18 28 17 18 
0 104 15 20 19 16 20 
0 122 ie 414 23 14 14 
0 126 14 14 23 14 | 14 
1 156 15 20 19 15 21 
0 1a 16 16 27 16 wriG 
0 115 i 15 Re 16 16 
0 97 2 12 19 12 12 
0 109 16 20 19 18 20 
8 127 5 5 5 5 5 
0 99 12 12 19 12 12 
0 104 15 20 19 16 20 
0 108 15 20 19 16 20 
0 99 2 12 19 1 2 
0 109 16 20 19 18 20 
0 93 12 12 19 12 12 
0 118 2 15 22 15 15 


90 






om Oo oOo oOo 0 ClOoOlUlUCOlUCUCUOUCOUUCOUCOOUCUCOUC OCOD 


96 
94 
101 
111 
71 
77 
81 
oe 
93 
107 
107 
107 
87 
728 
102 


2 
WZ 
12 
16 
12 
tz 
16 
42 
12 
16 
16 
16 
16 


15 


TABLE VI (CON'T) 


12 


12. 


12 
20 
eZ 
12 
23 
12 
12 
a3 
ZS 
eo 
20 
13 
Zi 
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19 
19 
13 
19 
Ue, 
19 
21 
a2 
19 
21 
21 
zn 
19 
13 
Ag 


4Z 
12 
lz 
20 
LZ 
WZ 
23 
12 
12 
Za 
Ines 
23 
20 
13 


20 





TABLE VIi 


DATA FOR STUDENT TEST #2 


NUMBER BLOG woe LEC ILON PETHOD CHOSEN 
ePTihs CODE BLOCKS Wy MEG, Str O HIN POOL MAX POOL 


p 161 24 53 51 38 68 
4 513 9 13 13 13 13 
5 540 9 14 14 14 14 
5 728 g 13 13 13 13 
6 719 13 18 18 18 18 
9 359 12 19 DD: 19 20 
4 544 9 13 13 13 13 
i 979 9 13 13 13 13 
7 348 31 66 70 74 a6 
6 665 - 17 45 15° 14 15 
4 812 13 18 21 16 16 
7 708 10 16 20 15 15 
5 625 9 ile 16 16 16 
5 582 10 14 14 14 14 
4 928 (a) we Poe 15 15 15 
6 781 14 20 D2 19 20 
5 693 12 16 ie 16 16 
11 307 25 42 4g 4 Y 46 
9 286 18 40 43 38 42 
10 296 24 42 56 43 64 
6 418 16 26 30 24 26 
g 584 17 28 33 26 28 
1 926 19 31 38 29 34 
10 629 21 36 3 32 38 
10 289 25 43 56 45 48 


oe 





NUMBER 
OPTINS 


= a 
= 0) CGO = DO we COCO FSF HH ese KD BB WM WO EF W/O 


17 
10 
10 
18 
18 
17 
10 
17 


TABLZ VIII 


GENERALIZED STRUCTURE TEST 


BUoeclh suebeecTION  MFTHOD CHOSEN 
CODE BLOCKS LIFO Pai: © MIN POOL MAX POOL 


107 3 3 3 3 3 
113 10 13 11 10 13 
130 6 8 g 8 § 
130 6 8 8 8 8 
153 15 20 19 15 20 
100 7 10 § 7 10 
140 10 19 19 19 | 19 
135 10 18 | 18 18 18 
226 11 DD 16 11 De 
269 15 26 De fe 26 
141 10 19 19 +S 19 
1 5 5 5 5 5 
1SZ 15 28 31 15 20 
239 14 28 31 21 25 
87 3 3 3 3 3 
113 10 ae 11 10 13 
90 10 16 19 16 19 
269 45 a6 26 26 25 
256 10 ie 12 12 ig 
281 20 36 38 34 38 
242 15 25 26 We 27 
216 g 10 10 10 10 
259 11 15 15 15 15 
256 10 1 12 12 12 
25 14 20 25 20 23 
213 7 7 7 7 7 
266 14 23 23 ae 22 
102 7 1u ‘ig 15 13 





TABLE IX 


SUNTIARY SOR S2UDENT TEST ‘#' 1 
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A complete impiementation of Kildall's global flow 
analysis algorithm has been presented. However, testing of 
convergence rates by different block selection methods was 
inconciusSive. It is felt that the primary reason for this 
was due to a Jack of test programs. Unfortunately, programs 
are available but cannot be used because of current CSF 
linitations. The inability to handle subscripted variables 
is a primary limitation. If this capability were added to 
the CSF, not only would a greater amount. of small test 
programs be available, but, more importantly, larger 
programs could be tested. Kildall [29] has imvlemented a 
method of handling subscripts in a Similar CSF optimizer. 
This method assigns class numbers to an array element only 
when the exact element is Known and assumes a worst case 
Muiees on Dy nuliitying aii array assignments when an 
assignment is made to an unknown element. The 
implementation of this method in the CSF would be relatively 


Straightforward. 


Of the rour block sei.ection algorithms tested, steepest 
descent was shown to result in a faster convergence rate for 
the global flow anaiysis algorithm in ail test Samples. 
Unfortunately, LIFO was the easiest to implement and its 
Smali performance loss in sw&elation to steepest descent 
mot reaily be justified due to the additional coding and 
longer run time for steepest descent. FIFO performed the 


poorest of all selection methods tested. 


In Summary, steepest descent resulted in the fastest 
Benmvergence rate for the global flow analysis algorithn, but 
Statistically the improvement shown is not significant. 


Except mOc tiemmrPOossiole rejection of FIFO, no real 
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Ponciusions aS +o which block selection nethod is better can 


be substantiated. 


Live expression analysis is an area of interest that was 
not approached Mires eveLoLlom Of the CSF. kKildall [28, 
30j kas shown that a backward pass through the program to 
detect live expressions would allow the use of the live 
expression pool at each node as the initial current pooi 
instead of the identity operand for the detined meet 
operator. Hand analysis using this method show a marked 
improverent in the convergence rate of the algorithm. An 
effort to implement a ilve expression analysis into the CSF 
should be attempted since it would considerably improve the 


convergence rate of the algorithn. 
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M9 74,%,176) AlGe%, 172) AC5Se%e173) Al4Se%,174) Al3e1439143) 
Me, *,175) Al 1e141,1413 
BEFORE THE MEET OPERATION: 
OUTPUT POOL FROM BLCCK# 4 IS: 
M4 321741% 176) AlSe%e1T2} AlSe*_173) Al4e%o174)  AC391439143) 
Al2+*:175) A€1.1413141 ) 
CURRENT POOL FOR BLOCK# 5 IS: 
M0 21425%0147) C(14321440%_147) A068 01419141) AC5 914391463) A049 1449144) 
43,143) Al2s1420142) Allel41.141)} 
AFTER PERFORMING THE MEET OPERATICN: 
NEW CURRENT POOL/INPUT POOL FOR B8LOZX# 5 IS: 
M6s%177) ACS¢%o178) Al4e*e179) AC321439143) Al2e%,180) AlCl, 141,141) 
CONTROL AT 45, FROM BLK 4 TO BLK 5S (PASS 2) 
C+45 0 ENT ones 000389A0 | 
m6 620 ENT HEIT6S 000380A5 | 
BEFORE THE MEET OPERATION: 
OUTPUT POOL FROM BLOCK# 5 IS: 
Al6s*o177)  Al5e%,178). Al4s%179)  AC3 91439143) AC29%,180) All,141,141) 


CURRENT POOL FOR BLOCK# 6 IS: 
A(69%*,166) A(551435143) Al4e*,167) 406341439143) Al2e*e168) Allyl41,141) 


AFTER PERFORMING THE MEET OPERATION: 


NEW CURRENT POOL/INPUT PGOL FOR SLOZK# 6 IS: 

AC69%*s181) Al5e%.182) Al4s¥*e183) A3,143,143) Al2,%*eh84) All, 1415141) 
CONTROL AT 46, FROM BLK 5 TO BLK 6 (PASS 3) 
C+46 0 ENT C1165 OCO3B9A5 

B+47 0 EOC 5 00029005 
Bt48 0 LOD 0 00270090 

B+49 0 LOC 6 00029906 

B+50 0 LOD 0 00270000 

B+t51 0 GTR C11004 OO2153EC 

BtS2 0 XIT no 0004994F 

B+53 0 XIT 25 00040037 

B+t54 0 21516 0 002F0000 

BEFORE THE MEET OPERATICN: ° 
OUTPUT POOL FROM BLOCK# 6 IS: | 

C(18221815%2185) Albs*,181) Al5e%s182) Al4y%s183) A(39143,143) 
Al29%*,184) AC1s:1419141) 

CURRENT POOL FOR BLOCK#H 8 IS: 

€094321569%9159) Albs#_156) A(59143,143) Al4Se%,157) AC 391439143) 
A(29*5158) AC1+1419141) 
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A( 3,143,143) 


A(2,*,189) 
A(2s*,162) 
A(2,;*,193) 
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A(4,*,183) 
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7 143 


A( 3,143,143) 
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A(5,*,182) 
+*,161) 


AFTER PERFORMING THE MEET OPERATION 


A(4_y*, 188) 


NPUT POOL FOR BLOC<# 8 IS 
187) A( 3,1 


T POCL/INPUT POOL FOR 
A(5,*,191) 
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AFTER PERFORMING THE MEET OPERATION 
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RL iats14ayF 7147) AlSelStelai) AlSal 

(141: 541434143) Al 41144414 

Marlaze142s ACLs T4ts14i} aa OE ine i teat ne 
AFTER PERFORMING THE MEET OPERATION: 

NEW CURRENT POOL/INPUT POOL FOR BLOC<# 3 IS: | 

M6 %o 214) ACS 91439143) AlGe #4215) 40391439143) AC 29% ,216)  ACL91%19141) 
CONTROL AT 35, FROM BLK 2 TO BLK 3 (PASS 2) 

+35 0 pe 1E 1420 | 00038096 

36 000~«CN ENT C4185 00038098 


BEFORE THE MEET OPERATION: 


OUTPUT PONL FROM BLOCK# 3 IS: . 
Al69%9214) Al5 91439143) Al4e%2215) A03B41439143) Al2s*s216) A(1.141,.141) 


CURRENT POOL FOR BLOCK# 4 IS: 


Al6:%1204) Al5*s205) Al4,%1206) 84391434143) Al2,%*e207) Alls1419141) 
AFTER PERFORMING THE MEET OPERATION: 

NEW CURRENT POOL/INPUT POOL [S THE SAME AS OLD CURRENT POOL 

CONTROL AT 140, FROM BLK 2 TO BLK 10 (PASS 1) 

C4140 0 JENT (c1185 | 00038089 | 


FINAL OPTIMIZATION RESULTS 
GHAARA ARR AAA AER RARER AAA RRR RRA R ERT RR RAR RRR AAR RAR RHPA RR AR AAA RAD 


oe ae ae ee ae SE ee ee i ee i ss ee iia sa ee i i si se i se a a i i i i i aa i i 


OPTIMIZATION AT 
(7435 20811274209) COMMESUBEXPE ELIM 


%5% FORMATTED INTERM 


EDIATE CODE DUMP *xx* 

LOC ona OP CODE CNS pear RAW CIDE OE ees 
PRR ee resties sxerse estes eset ressss test MEK ee eK he eK Xe he ee a ie eK eK ee Ke 

0 0 EN Pen | 0003908D 

] 0 FOGLE 257 O008)191 
2 0 LOC 1 O00Z0001 
3 0 INT 1 000527001 
% 0 STO 0 002899900 
5 0 DEL 0 002A0900 
6 0 LOC 2 00020002 
7 0 INT 2 00959992 
8 0 STO 0 00289000 
9 0 DEL 0 002A9900 
10 0 LOC 5) 00029093 
11 0 INT 3 0005 I7'003 
12 0 STO 0 00289900 
13 0 CEL @) 002A9900 
14 0 LOC & 00029004 
15 0 INT 6 00059004 
16 0 STO 0 00280000 
17 0 DEL @) 00249900 
18 0 LOC 5 00029005 
19 0 INT 3 00050003 
20 0 STO 0 00289000 
21 ¢) BEL 0 00249900 
22 0 LOC 6 00020006 
23 0 INT 1 00059901 
24 0 STO 0 00289900 
25 0 DEL 0 002A9000 
26 0 ENT 145 000300991 
e7 0 EOC ] Qoo020001 
28 0 LOO 0 00270000 
29 0 BOC 2 00020002 
30 0 LOO 0 00270900 
31 0 GTR 1024 00210400 
32 0 X1T 140 0004908C 
33 0 X1T 35 00040023 
34 0 BSC 0 O002F9QI00 
35 0 ENT 150 00030996 
36 0 ENT £55 00030098 
37 0 OC 3 0029203 
38 0 LOO 0 00270000 
39 0 LOC & 00020004 
40 9 {Los 0. 90279900 
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OPTIMIZATION POOL FOR EACH BLOCK IS: 


7 POCL FOR BLOCK# 1 IS 
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CURRENT POOL) 
ies 


IME FOR THE OPTIMIZATION WAS 0.212 SECONDS. 
**SCODE SYNTHESIS FILTER IS COMPLETE *** 
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— BLUCK IKAVEKStCD | FIMtes 
1 REFERENCES? 
BASIC BLOCK 49 , 
BEGINNING AT 68, ENDING AT 83 
BLOCK TRAVERSED 2 TIMES 
| REFERENCES: 
BASIC BLOCK #10 
BEGINNING AT 97, ENDING AT 112 
BLOCK TRAVERSED 3 TIMES 
1 REFERENCES: 
9 
BLOCK SUMMARY DATA: 
BLOCK NUMBER NUMBER OF PASSES 
1 1 
2 1 
3 i 
4 ] 
5 | 
6 1 
7 l 
8 l 
9 2 
10 3 
TOTAL NUMBER OF BLOCKS PROCESSED WAS 13 
USING THE LAST-IN-FIRST-OUT B8LOCK SELECTIGN ALGORITHM. 
TIME: FOR THE OPTIMIZATION WAS 0.333 SECONOS. 
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BLULK TRAVEKSEU 2b Filmes 
1 age ONES: 
BASIC BLOCK 4&9 
BEGINNING AT 68, ENDING AT 83 
BLOCK TRAVERSED 2 TIMES 
| pee e cS: 
BASIC BLOCK #10 
BEGINNING AT 97- ENDING AT 112 
BLOCK TRAVERSED 3 TIMES 
PF REFERENCES: 
9 

BLOCK SUMMARY DATA: 

BLOCK NUMBER NUMBER OF PASSES 
l l 
2 I 
3 l 
4 I 
5 l 
6 1 
7 ] 
8 l 
9 2 
10 Fo 


TOTAL NUMBER OF S8LOCKS PROCESSED WAS 13 
USING THE MAXIMUM CURRENT POGL BLOCK SELECTION ALGORITHM. 
TIME FOR THE OPTIMIZATION WAS 0.268 SECONDS. 


*&€*CODE SYNTHESIS FILTER IS COMPLETE*** 
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BLOCK SELECTION ALGORITHM. 
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CO} MPUTER PROGRAM 


1 I¥R> OO OO OOOO OOOO OOD OOOO */ 
2 pad 
3 Be One Savant aietemoy Tesi £1 ER &/ 
5 7* THIS PROGRAM OPERATES ON AN INTERMEDIATES/ 
é 7* LANGUAGE RECEIVED FROM THE ALGO 

z fs COMPILER IN THE FOLLOWING FORM “7 
9 /* BITS 8 8 ce 15 */ 
10 /* DEESETORGDDEMMG-ETELDO ADDRESS </ 
11 /* TYPE «/ 
12 7* USING THE META - EXECUTION TECHNIQUE, */ 
13 7* THE ALGORITHM (0) OF KILDALL IS */ 
14 7* APPLIED TG THE INTERMEOIATE LANGUAGE. ¥*/ 
15 7* NO CODE OPTIMIZATION IS IN FACT DOWNES ¥*/ 
16 /* RATHER UPON RECOGNITION OF A POSSIBLE  ¥*/ 
17 POODE UNEFFEICAENCY BIT 16 If THE 32 BIT */ 
18 7* INTERMEDIATE LANGUAGE IS SET TO INDICATE*/ 
19 /* THAT DURING CODE GENERATION AN x/ 
20. 7* OPTIMIZATION CAN BE ACCOMPLISHED. x/ 
21 7/* IMPORTANT DATA DESCRIPTOR DEFINITIONS: ¥*/ 
22 1% EXEC = EXECUTION STACK FOR THE x/ 
23 7% META EXECUTION x/ 
24 /% ScpeODENSNCUEEER FOR ALGOL-E CODE x/ 
25 /%* ADDRESS = VARIASLE DEFINITION TABLES ¥/ 
26 /* CON = CONSTANT TABLES xf 
27 /* CONTRO MI Me CEIST GE BIOCKS TO BE «/ 
28 /% PROCESSED. ++PGM TERMINATES #/ 
29 /* WHEN THIS TAGLE 1S PAU x/ 
30 /% STATE = POINTER TABLE TO CURRENT  ¥/ 
3) 1% STATE INFO FOR EACH BLOCK ¥*/ 
32 /* PROCESSED x 
33 /* VTAB = EXPRESSION STACK FOR ALL ¥/ 
3%, 1% EXPRESSIONS +/ 
35 /* EX = EXECUTION STACK FOR THE */ 
36 /* ME TA-EXECUT IONS x / 
37 7* OPTIM_TYPE = CODE FOR THE OPTIMIZATION ¥*/ 
38 rs TYPE DETECTED vy 

xs 
40 FED OP ODO OOO OO OO OOO OD OOO 
42 /* THE FOLLOWING TABLES ARE OUTPUT FROM THE #/ 
43 7* PROGRAM "GENERATOR AND ARE USED TO x/ 
44 ye DESCRIBE THE INTERMEDIATE LANGUAGE. a 
46 TED OO DOOD OOO OOOO OL Ef 
48 is BASIC OPERATORS SET TO O,1y,ETC IN INITIAL#/ 
| 20 [22 OOOO OO OPO OOO OO OOOO OE 

52 |DECLARE(NULL, DEFAULT, LOC, ENTy XITy INT, REAL, BOOLy IARRAY; RARRAY) BIT(B); 
53 NTYPES LITERALLY*9!, - 
38 I 2 OPPO OOO 
Bf /* REMAINDER OF THE OPERATIONS CODES */ 
59 [$2 OOOO OOOO ODOOO OO OOOO 4 
61 MeEPER TOGGLE, PASSy TRU RND 1 fo ADD, RADD, SUB, RSUBy MUL, RMUL, D 
62 MMV GTEXPs RIXP, IRXP, RRXP+ LSS+ LEQ, EQL, NEQ, GEQ, GTRe INEG: RNEG, NOT; 
63 JAND, BOR, LOD, STO, STD; DELy pup. xc. Tie ch Ae we NOPs (PRO, RIN, GETs RET 
64 }RRD, IRD, BRDs WKV, DMP, TAB, SUP) BIT(8), 

65 NOPCODE $ LITERALLY'50"', by 
67 JEP OOP OOOO OO OOOO OOOO OOOOH 

69 PEGHARACTER STRINGS OF LEGAL OPCODES —- */ 

10 7% OPKANGE IS USED TO ACCESS +/ 
12 IEP OO OO OOOO OOO OOOO OOOO OH 
14 OPCODES CHARACTER INITLIAL( 

15 “NULL DEFAULTLOCENTXITINTREALBOOL LARRAYRARRAYREFERTOGGLEPASSTRURNDELTADDR ADD SUB 
76 JUBMUCRNULDIVROI VEX PRIXPI RXPREXPLSSLE CE CLNE QGE QGT KI NEGRNEGNOT ANDBORL OUSTOSTDDEL 
17 | PXCHHLTB&R SBSCNOPPROR INGE TRETRROI ROBROWRVOMP TAB SUP"), 
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/* START CHAR POSIT OF OP CODES IN TABLE x / 
4% OPCODES: */ 
Uy I = FIRST CHARACTER */ 
1% I + 1 = LAST CHARACTER + 1 */ 


/%* *« / 
Doe EASES AS Ss alae acetate) 
OPRANGE(60) BIT( 8) INITIAL(O, 49 lly 14s 173 205 23, 


271 311 371 43% 48 
1 54, 583 61s 64, O67, TOy 4, Fly Bly 84, B8By Gly 95y 9By 102% 106, 110, 113, 
Moy LID, 122s 125, 128, 132, 136, 139, 142) 145, 148, 15], 1545 LOT, 150, 163, 
lob, lod; pei aan 178, 181, 184%, 187, 190, 193, 196, Baye" 2051 208), 
% 
Go SSIES SIS il a a aa 
/* TYPE OF OPERATION FOR CASE STATEMENTS, a f 
pe ETC. ; 
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eden) 9 5 epee 7 SOS 2S PSPS ORK OKI LOT 
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Ty 8s 8+ Ov Oe By ’ » Os O- » Uy 9 + Oy 8s Og Os Oy Or O+ 8s Bs 2s 4 3 
+ Dy &% Go Oy lis POnn Os 2, 135 0; Os Os 0, O¢ O, Oy Of, 0 


Or a OIL SE SNPS PSPS PR OS) SO 


1% DEGREE OF OPCODE 

/* OPERATORS NECESSARY TO PERFORM A 

/* PARTICULAR OP CODE. STORED IN OP CODE 
/* ORDER. 
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/ / 
/% : READ CODE */ 
/* RUUTINE READS THE INSUT FILE INTO x/ 
/* CSFCUDF. A PRESET RECORD SIZE OF 900 */ 
/* WORDS IS ASSUMMED, HOWEVER THE FIRST WORD*/ 
/* OF EACH RECORD READ CONTAINS THE WORD * / 
7* COUNT OF THE RECORD READ. THIS VALUE */ 
/* IS USED TO [INSURE THAT ALL THE DATA IS ¥/ 
/* PROPERLY READ. */ 
/* ROUTINES CALLED: x/ 
/* ERROR */ 
/% F ORMATCODEDUMP x/ 
is FILE x/ 


re */ 
IE SO TOTOSOLOLOSOLOSOSOLOLO SOLO SOLO LOLO LOLOL OS 
READ _CODE: PROCEDURES 


%/ 


xy 
xy 
x, 


%/ 
md, 


/* xy 
7* READ LENGTH OF INTERMEDIAT*, 
is LANGUAGE. *y 
MECHARE (1,J;K) FIXED? __ 
@SEGGDE(0)=FILE(CSF_FILE;0)$ PP 
4s SET # OF WORDS READ 
CODELOC=CSFCODE(0); 
PF CCDELOC > MAXCODE THEN 
" CALL ERROR (* PROGRAM TOO LARGE TO BE PROCESSED', 4); 
RETURN; 
END; 
[ = DISKWORDS; 
J = 0; 
/* 
is READ 900 WORD RECORDS 
DO WHILE I < CODELOC; 
Ss fe bd 
SS-COUECI I=FILEICSE Fite, J); 
[=I +01 SKWORDS; 
END; 7 
i, INPUT THE CONSTANT COUNT 
tl = CODELOC + 13 . 
yast dl; 
MoECODE( 1) =FILE(CSF_FILE, J); 
MXSIGCON = I + CSFCODE(I); 
1 = I + DISKWORDS; ,. 
ys READ 900 WORD RECORDS 
D0 WHILE 1 S LASTCON; 
— ¢ ° 
[=I +DISKWORDS; 
END; 
BESTRACETCG THEN 
CALL FORMATCODEDUMP; a 
7* CLEAR THE CPTIMIZATION 
7* TYPE TABLE FOR THE SIZ 
Le OF CODE READ 
VALUE_NUM_CNTR = CODELOC: 
DQ i = 0 TO CONELOC;: 
OPTIM_TYPE{I) = "0"; 


END; 
ENO READ_CODE; 
1¥K>OOPOOID OOO OIOO DO OPLIOI OOOO 


/ / 
/* LOOKADD . x/ 
7* SEARCH FOR AN [TOENTIFIER IN THE ADDRESS ¥*/ 
/* TABLES %/ 
/* NTFND...RETURN O x / 
He FOUND...RETURN THE LOCATION sy 
TOSCO LP SOL OLOLOLOLOL OTOL OLOLOLOLOLOLOLOLOL ORT 
LOCK ADD: PROCEDURE (ADR) FIXED; 
DECLARE (ACR, CURAOR, FNDADR) FIXED; 
CURADR = ADDLOC; 
FNDADR = 0; 
DO WHILE (CURADR > O} & CFNDADR = OO); 
It ADDRESS{CURADR) = ADR THEN FNDADR = CURADR; 
CURADR = CURADR =- 1; 
END; 
RETURN FNDADR3$ 
END LOOKADDS 
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LALL EKRKURKU® StASt FABLE UVEKFLUW' » LJ35 
STLOC=13 
ENO; 
ENO GET_ST; 
OO 
/* GET_AODOR */ 
/* OECREMENT ADBLOCR ANO TEST FOR OVERLAP ¥*/ 
/* WITH AODOLOC / 
/* ROUTINES CALLED: */ 
re ERROR x / 
IEZOXOLOLOLOLOLOLOLOLOLOLO LOLOL OLOLOLOLOL OL OL 
GET_ADOR: PROCEDURE; 
ADOLOCR=ADOLUCR-1; 
IF AODLOCR < = AUVOLOC THEN 
CALL ERROR(* STATE ADORESS TABLE OVERFLOW’, 1)3 
ADDLOCR=MAXADD; 
ENO; 
END GET_AOOR;3 
TERI E>K>KPKPLPELP LEP LEP LLLP LLP LLP LIES 
/% CETMEXGER x / 
/* AOVANCES EXEC STACK TGP POINTER AND x / 
/* CHECKS FOR UNOERFLOW. x/ 
7* ROUTINES CALLED: x / 
ie ERROR e/ 
EZOXOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOL OL OL OOD 
GET_EXECR: PROCEDURE; 
ETOPR=ETOPR 
if ETOPR <=ETOP THEN 
9 
CALL ERROR(* EXEC STACK OVERFLGW (REVERSE) *', 1)3 
ETOPR=MAXEXEC; 
ENO; 
elo) GET_EXECR; 
I £25252 £262 262266287 LPK KPI. LHS 
/%* GET_EXEC x/ 
7* AOVANCE THE EXEC STACK POINTER ANO x/ 
/* CHECK FOR OVERFOLW x / 
/% ROUTINES CALLED: xf - 
/* cRROR x / 
/* */ 
: EZOXOLOLOLOLOLOLOLOLOLOLO LOLOL OL OL OL OOO OST) 
GET_EXEC: PROC EOURES 
ETOP=ETOP+1; 
Te ETOP >= ETOPR THEN 
9 
CALL ERROR (* EXEC STACK OVERFLOW (FORWARD) ', 1)3 
ETOP=13 
ENO; 
Eni GCET_EXEC;: 
8 <> O62 PLDI ODIO DIDI DEY 
/* GET_VTOPR x / 
/* OECREMENT VTUPR7ANO THEN CHECK TO SEE IF */ 
yaaeT1 HAS DECRENSED TO VTOP. ERROR IS SENT */ 
PE SABOVE OCCURS. */ 
/* ROUTINES CALLED: x / 
fs ERROR uy 
IEZOLOLOLOLOLOLOLOLOLOLOLOLOLOLO LOLOL OLOL OL OL 
GET_VTGPk: PROCEDURE; 
VTOPR=V TOPR-1;3 
IF VIGPR < VTOP THEN 
CALL ERROR(* VALUE TABLE OVERFLOW (FROM TOP) ', 1)3 
VTOPR = MAXVAL3 
VTOP = HASHBASE; 
END; 
END GET_VTOPR; 
I#<> OPP OOPOOOD OOOO OOOO DOLD LHS 
/* , PERMUTE / 
/* PERMUTES OPERANOS STARTING AT A CORE x/ 
/* ADDRESS OF ADR IN A TABLE STRUCTURED “/ 
7* WITH #BYTE BYTES PER ENTRY. REUTRNS A ¥*/ 
7* TRUE CONDITION IF A PERMUTATION POSSIBLE.*/ 
PemuHen CALLEO FOR THE FIRST TIME; FIRSTCALL3/ 
/* MUST EQUAL TRUE IN OROER TO PRESET x/ 
/* POINTERS. x / 
ie ADOPTED FROM CACM ALGORITHM 115. ey 
EZOLOLOLOLOLOLOLOLOLOLCLOLOLOLOLOLOLO LOLOL OL T 
PERMUTE: PROCEDURE(NUMNOP, ADR, #BYTE, METHOO) BIT(2L): _. 
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DO; 


CNC; 


DO; 


END; 


_THEN CONINT(T) = 13 
9 


oe 
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CALE SET 
K = J 
CALL ENT 


_1J$ 
13 
ERT; 


CALL SET_IJ3. 
R=) -T; 
CALL ENTERI3 


21,2 


J* CASE 33 ENE => (tYPE) */ 
/* CASE 4: XIT => (TYPE) %/ 
/* CASE 5: INT => (TYPE) x/ 
/*® CONVERT FROM EXTERNAL TO x/ 
/* INTERNAL FORM my) 
/* CASE 6: REAL => (TYPE) */ 
/* CASE 7: BOOL => (TYPE) */ 
/* CASE 8: IARRAY => (TYPE) */ 
/* CASE 9: RARRAY => (TYPE) ¥*/ 
/* CASE 10: REFER => (OPCODE) *,/ 
/* CASE 11: TOGGLE=> (OPCODE) */ 
/* CASE 12: PASS => (OPCODE) ¥*/ 
/* CASE 13: TRU REAL => x/ 
/* INT (OPCODE) x/ 
/* CASE 14: RND REAL => x/ 
/%* INT (OPCODE) x/ 
/* CASE 15: FLT INT => x / 
/* REAL (OPCODE) */ 
/* CASE 16: ADO INT_INT => #¥/ 
/* INT (OPCODE) x/ 
/* CASE 17: RADD REAL REAL =>*/ 
/% REAL (OPCQDE) * / 
/* CASE 18: SUB INT INT => 3 ¥*/ 
/* INT (OPCODE) * / 
/* CASE 19: RSUB REAL REAL =>*/ 
/* REAL (OPCODE) x/ 
/* CASE 20: MUL INT INT => ¥/ 
/* INT (OPCODE) /. 
/* CASE 21: RMUL REAL REAL =>%/ 
/* REAL (OPCODE) x/ 
/* CASE 22: DIV INT INT => ¥/ 
/* INT (OPCODE) x/ 
3)3 

/* CASE 23: ROIV REAL REAL =>*/ 
/* REAL (OPCODEE x 
/* CASE 24: EXP INT INT =>) ¥*/ 
,x INT (OPCODE) */ 
/* CASE 25: RIXP REAL INT => ¥*/ 
/* REAL (OPCODE) x/ 
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IF VTAB(SRCHADR - DEGL) 


DO; 
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END; 


~... END; 
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/% | x/ 
/* INPUT THE SELECT METHOD ¥*/ 
/* INDICATOR. */ 
/* */ 
END INITIAL_METAEX;$ | 
USD SEP £25 >K>K PKI EPKILD CPKPED OLD LDKI LOKI CISL 
LOD OK 281 
bo 4 
/* MAIN PROGRAM x/ 
/* THIS IS THE MAIN CONTROL DRIVER FOR THE */ 
/* ENTIRE CSF PROGRAM. ae / 
/* ROUTINES CALLED: */ 
/* iNT TALLESE x/ 
/% INITIAL _METAEX x/ 
/* DUMP_ALT */ 
/%* CONTROL_FLOW x/ 
/%* OUTPUT _OPTIMIZATION %/ 
4s LINE _FEEU a 
PBI? 5 OKO >4/ 
PREY OL? EPEPLPKD LIED KD KPEPK ILIKE HKD LA EDE PEPE I HL a 
/* INITIALIZE POINTERS AND */ 
/* TABLES x / 
/% */ 
CALE INDWIAL_CSF; 
/% eae 
ye SET UP FOR META EXECUTION gh 
CALL INITIAL_METAEX3$ 
CALL OUMP_ALL; 
/* SAVE THE START TIME OF & / 
/* OPTIMIZATION */ 
/% x/ 
STRTIME = TIME; 
/% */ 
- /* BASIC PROCESS ROUTINE - = ¥*/ 
/* RETURNS WHEN ALL %/ 
ye OPTIMIZATION IS COMPLETE a 
CALL CONTROL_FLOW; 
/* */ 
4% QUIPUT THE DETECTED */ 
/* OPTIMIZATIONS. x/ 
/* */ | 
CALL QUTPUT_OPTIMIZATION; 
| /* SAVE THE FINISH TIME OF ¥*/! 
/* OPTIMIZATION | */ | 
/* xf 
CALL LINE_FEED(1)3 
PAUTIME = TIME; 
TOTIME = PAUTIME - STRTIME; 
SECGNOS = TOTIME / 1000; 
PRTSEC = TOTIMNE MOD 10003 
OUTPUT = ' TIME FOR THE OPTIMIZATION WAS * [{ SECONDS If '.' If PRTSEC II 
© SECONDS. "; 
IF_PUNCHTOG THEN 
OUTPUT(2)=" TIME FOR THE OPTIMIZATION WAS ' [{{ SECONDS [|] '.' II PRTSEC II 
' SECCNDS.'3 
CALL LINE_FEEO(2); 
OUTPUT = 7 *xxCODE SYNTHESIS FILTER IS COMPLETE*E*! | 
IF _PUNCHTOG THEN 
NaC ai ' x**CODE SYNTHESIS FILTER IS COMPLETE***! § 
~ :] 
OS ODD EDR IDS Say 
/* COOE SYNTHESIS FILTER * 
LOLOL PLOLOLOLO LOLOL OLOLOLOLOLOLOLOLOLONOLOL | 
/* END END END END x / 
EL PLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOLOL S| 
EOF ECF EOF 
EGF EOF EOF 
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